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ABSTRACT 
Gas turbines provide an efficient source of power for aviation and electricity generation and 
future demand is set to increase. Efforts to further improve efficiencies have led to the 
integration of thermal barrier coatings (TBCs) in advanced turbines. In order to maximise the 
efficiency gains offered by the coatings, accurate lifing models must be developed based on 
reliable measurements of the operating conditions and supported by quantitative non-
destructive evaluation (NDE) of coating degradation in service. 
Although a range of NDE techniques have been studied for this application, the nature of the 
coatings present particular practical challenges. A novel approach, introduces rare-earth 
dopants into the TBC ceramic to make the material luminescent. This approach has several 
technical advantages including the capability for in-situ measurement and assessment of 
damage before it becomes critical. The present study investigates the use of luminescence for 
NDE of TBCs through two applications, erosion detection and thermal history measurement. 
The former detects partial failure of the ceramic coating while the latter records the thermal 
exposure of the coating material which is related to the primary failure mode of TBCs. 
The addition of different dopants in layers can be used to determine the remaining coating 
thickness. The first quantitative study of this approach, conducted in this project, has 
demonstrated, through two methods of image processing, that multi-layered doped coatings 
provide a detailed, precise and accurate profile of the erosion damage. An estimated precision 
of ±5µm was achieved while the accuracy of the depth profile was comparable to alternative, 
sophisticated thickness profiling techniques. Furthermore, the addition of dopants did not 
alter the failure mechanisms compared to standard TBC architectures and coatings have 
exhibited no damage after operation on a turbine blade in a Rolls-Royce Viper jet engine. 
The luminescence is affected by the microstructure of the host material which can be used to 
record the extent of the thermal exposure of the coating. A greater understanding of the link 
between the microstructural and luminescence properties was achieved by comparing 
luminescence measurements to results from standard materials characterisation techniques. 
Powder samples were synthesized by the sol-gel route to provide the first evidence of a link 
between the phosphorescent decay time and the crystallite size, explained by energy transfer 
to quenching sites at the edges of crystallites. 
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YAG:Eu coating samples were produced using the same method as for TBCs. Heat treatment 
of the coatings instigated crystallisation which caused changes to the emission spectrum and 
an increase in the decay time, enabling temperature measurements between 300 and 880°C. A 
similar coating was applied and successfully tested in an engine test bed and measurements of 
the phosphorescence indicated the thermal profile during operation. 
When embedded in a TBC, the changes in the phosphorescence of the YAG:Eu altered such 
that temperature measurement range extends to at least 1150°C, covering the typical 
operating range of TBCs. This suggested that the mixed material is a favourable candidate for 
thermal history measurements in TBCs. 
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1. INTRODUCTION 
The widespread concern over climate change is leading to increasing regulation to reduce 
greenhouse gas emissions. In addition, the demand for energy is increasing while there is a 
finite supply of fossil fuels. Hence, the use of fossil fuels must be more efficient and 
integrated into an energy mix including renewable sources. 
Gas turbine engines already offer high efficiencies in their main applications of aviation and 
electricity generation and demand for them is increasing [11]. The number of aircraft is 
expected to approximately double by 2034, according to the 2013 market projection by 
Boeing [12], as a result of emerging markets and the expansion of low-cost carriers. In the 
energy sector, gas turbines provide flexibility of operation and the potential for bio-fuel 
operation [13] which means that they have distinct advantages for future electricity 
generation. The increased use of renewable energy sources, such as wind and solar, will lead 
to fluctuations in production. Gas turbines have fast start-up times, unlike other widely used 
electricity generation plant, so can fill gaps in supply. 
The ongoing requirement to increase the efficiency of gas turbine engines to reduce 
emissions and fuel consumption has led to increased turbine entry temperatures (TET). 
Currently the TET, in both aerospace and industrial gas turbines, exceeds the melting 
temperature range of the state of the art nickel based super alloys [14], therefore the 
components must be thermally protected. This requirement can be met through advanced 
materials, cooling and coatings. Advancement of materials has resulted in the development of 
alloys which can be cast as single crystals. The maximum operating temperature is limited, 
however, by oxidation and creep. The creep life of turbine blades for example is halved for 
every 10-15°C increase in peak metal temperature [15]. Intricate cooling mechanisms are 
used to reduce the operating temperature but extensive cooling through components becomes 
uneconomical as diverted air reduces the efficiency of the engine. This counteracts any 
increases in efficiency provided by higher TETs. The benefit provided by thermal barrier 
coatings (TBCs) is illustrated in Figure 1.1. The plot shows the compromise between the 
operating conditions of the hot end components. In the centre of the plot the diagonal line 
indicates the situation without a TBC. The addition of a TBC allows increases in 
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performance, component life or thrust or a combination of all three by affording decreases in 
cooling air flow and metal temperature or increasing the gas temperature. 
 
Figure 1.1. A schematic showing the potential benefits of TBCs depending on the engine 
operating conditions, redrawn after [16]. 
1.1. Thermal barrier coatings 
TBCs are multilayered systems which comprise a bond coat applied to the substrate and a 
ceramic top coat. In service, a thermally grown oxide (TGO) forms between the bond coat 
and ceramic which acts as a passivating layer to resist oxidation of the underlying substrate. 
The term TBC usually refers to the ceramic top layer and this terminology practice will be 
followed here. 
For many years yttria partially stabilized zirconia (YSZ) has been the prime choice for this 
application. This is largely due to its relatively high thermal expansion coefficient for a 
ceramic of 10.7×10
-6
 K
-1
, in comparison to ~16×10
-6
 K
-1
 for the nickel based substrate [17]. 
Reducing the mismatch in thermal expansion between the two materials reduces the stresses 
induced during thermal cycling. YSZ also has a low thermal conductivity (2.3Wm
-1
K
-1
), 
approximately an order of magnitude lower than the substrate Ni-base alloy [18]. Between 6 
and 8 wt.% yttria is added to the zirconia to produce the metastable t’-phase. This phase is a 
variation of the tetragonal phase and is the most desirable for TBC applications because it is 
resistant to the monoclinic transformation which causes a 3% volume change [19]. Full 
stabilisation by the addition of greater amounts of yttria can lead to the formation of the cubic 
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phase which has lower thermal expansion coefficient [20] and compromises cyclic thermal 
fatigue life [21]. 
 
Figure 1.2. Typical micrographs showing the differences between (a) APS coatings and (b) 
EBPVD coatings, taken from reference [22] and [23] respectively. 
Two main deposition processes have developed for the industrial production of TBCs; 
namely atmospheric plasma spraying (APS) and electron beam physical vapour deposition 
(EBPVD). In the former, high energy plasma is used to heat the powder feedstock into a 
plastic or molten state. These particles are propelled towards the substrate surface in a high 
velocity gas stream where they rapidly cool to solidify in a splat like structure with many 
micro-cracks, as shown in Figure 1.2(a). In the EBPVD process, an electron beam is used to 
evaporate the solid feedstock material in a vacuum. The vapour deposits on the substrate at 
the atomic scale to form a columnar structure, see Figure 1.2(b). The difference in 
microstructure results in different properties between the coatings. The columnar structure in 
EBPVD TBCs allows the coating to expand more readily with the substrate metal so they 
exhibit greater strain tolerance compared to their APS counterparts. In addition, the EBPVD 
coatings have smoother surface finish [24] and 7-10 fold higher erosion resistance [25]. The 
splat-like structure in the APS coatings, however, causes a high density of pores and cracks 
parallel to the substrate surface. These features reduce the thermal conductivity of the coating 
to 0.8-1.7W/mK compared to 1.5-2W/mK for EBPVD, still lower than 2.3W/mK for bulk 
YSZ [18]. The difference in properties means the APS technique is typically used for 
stationary components while EBPVD for rotating parts. 
1.2. Failure of TBCs 
A large volume of research is undertaken into the failure of TBCs, both through testing [26] 
and modelling [27-29]. It has been established that TBCs are complex systems in which the 
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many modes of failure are related to the operating conditions and the coating microstructure. 
In a clean combustion environment the primary reported failure mechanism of TBCs is 
usually related to the growth of the TGO layer to an extent which results in a large mismatch 
between thermal expansion coefficients and hence large induced stresses under thermal 
cycling [30]. The stresses initiate and continue the propagation of the microcracks which 
cause spallation of the TBC either at the interface between the TGO and TBC or TGO and 
bond coat, therefore complete removal of the protective coating [27]. The thickness of the 
TGO, d, can be predicted using a parabolic law as in Equation 1.1, where kp is the oxidation 
coefficient and t is time [27]. 
         Equation 1.1 
The oxidation coefficient is temperature dependent according to an Arrhenius law given in 
Equation 1.2, where C is a rate constant, Q is the activation energy, R is the gas constant and 
T is the absolute temperature [31]. 
 
       ( 
 
   
) Equation 1.2 
The growth of the TGO is, therefore, dependent on the operating temperature at the TBC / 
bond coat interface. It has been shown that a 51°C increase in this temperature, from 1100°C 
to 1151°C, causes a six-fold decrease in the life of the TBC [32]. The operating temperature 
is a critical parameter for life prediction models but, as will be discussed later, it is difficult to 
measure in operation. 
Temperature can also initiate alternative failure mechanisms. The drive for higher efficiencies 
requires higher temperature operation of the TBCs. In these higher temperature regimes, 
>1200°C, sintering of the TBC can occur causing an increase in thermal conductivity and 
stiffness. In combination with other mechanisms this can lead to premature failure [33]. At 
even higher temperatures, the t’-phase becomes unstable on cooling. When the coating 
surface temperature approaches or exceeds 1250°C local volumetric changes can occur 
through phase transformation from the tetragonal to monoclinic phase, which lead to strain in 
the coating [19, 21]. The strain can lead to cracking and initiation of failure [34]. 
The combustion environment is not always clean, and depending on the size, temperature and 
velocity of the contaminants, various failure mechanisms can be caused. Ingested particles 
can transport through the engine impacting on the TBC resulting in erosion, compaction or 
foreign object damage [35]. These modes of damage have become increasingly significant 
1. Introduction  1.3. Non-destructive evaluation of TBCs 
 
 28  
 
with the use of TBCs on components which operate at high velocities in high temperature 
environments, for example high pressure turbine blades [36]. Here the highly stressed 
components are in the hot gas stream and therefore subjected to impacting particles with 
greater impact angle and velocity which makes erosion a possible life limiting problem [35]. 
It has been reported that a particle greater than 20µm in diameter cannot miss impacting near 
the leading edge of a turbine blade due to the flow of the gas path [30]. Gradual reduction of 
the thickness can exacerbate the primary failure mechanism as the reduction in the thermal 
protection offered by the coating causes an increase in the temperature at the bond coat 
interface thereby escalating the growth rate of the TGO. 
Alternatively, the particles become molten through the combustion flame and deposit on the 
coating surface, otherwise known as calcium-magnesium-alumino-silicate (CMAS) attack 
[37]. The deposits filter into the porous TBC ceramic to locally reduce the strain tolerance 
and cause total or partial spallation of the coating [38]. The same effect has been observed 
due to volcanic ash ingestion [39]. 
Ultimately, a range of failure modes have been observed. While the most prevalent is the 
growth of the TGO causing total spallation of the TBC, termed grey failure, there are a 
variety of modes which cause gradual thinning of the ceramic coating, termed white failure 
[40]. Both types of failure must be considered in the development of predictive life models 
and damage diagnostics. 
1.3. Non-destructive evaluation of TBCs 
The demanding nature of the operation of TBCs requires a high degree of uniformity and 
reliability in the production process whilst also resulting in a variety of intricate failure 
mechanisms. The maintenance costs and risks related to unplanned downtime of gas turbine 
engines are concentrated in the hot end components [41]. Due to the lack of knowledge of the 
operating environment and the inability to accurately determine the residual life of the 
components in the hot gas stream only a fraction of the thermal protection which can be 
provided by the TBC system is actually used. The operation and maintenance of the gas 
turbine engines is over cautious to avoid catastrophic failures. In order to overcome these 
issues there is a drive for „prime reliant‟ TBCs systems, i.e. where they operate under the 
assurance that they will not fail [42]. To achieve such a status the maintenance regimes must 
become predictive rather than reactive. This requires confidence in lifing models, supported 
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by accurate through life damage assessments. The development of quantitative non-
destructive evaluation (NDE) techniques is, therefore, critical in the future progress of TBCs. 
Such techniques should: 
 allow the accurate validation of quality control in the production process 
 enable assessment of the degradation of TBCs through service, preferably anticipating 
damage before it becomes critical 
 provide information which can be used to improve life predictions and future designs 
Although quality control is an important issue, the major challenge and potential for 
development is seen in the validation of lifing models and through life assessment of 
degradation. Accordingly, this review will concentrate on those techniques which have this 
capability.  
There is significant benefit to performing the inspection in-situ, due to the large costs 
involved with downtime and disassembly of an engine. Taking the example of a power 
generation gas turbine, the cost of replacement electricity alone can be of the order of 
$1million per day when a turbine is out of operation [42]. The limited access to necessary 
components, especially on aerospace engines, restricts the possible NDE techniques. 
Current inspection routines are by visual examination, usually in-situ through a borescope in 
the aerospace industry, or during maintenance schedules in the power generation industry. In 
cases where the spalled regions are very large it is possible to identify these visually, however 
there are clear limitations to this method. Only complete failure of the coating can be reliably 
observed so that by this state the coating requires replacement. To allow life prediction the 
NDE technique should detect and quantify the extent of white failure and anticipate grey 
failure. 
A wide variety of techniques have been suggested for the inspection of TBCs, most based on 
optical techniques. To focus the review presented here, only those techniques are included 
which assess the ceramic coating. Conventional, widely used NDE techniques will be 
covered first in this review. However, due to the complex challenges in the inspection of 
TBCs alternative techniques have been considered, which are covered separately. The final 
part of the review includes photoluminescence techniques which have developed recently.  
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1.3.1. Conventional NDE techniques 
The following section will highlight the relative benefits and limitations of NDE techniques 
which are widely used in the general field of NDE, here termed the conventional NDE 
techniques, for the inspection of TBCs. 
1.3.1.1. Ultrasonic methods 
Ultrasonic methods have been studied in the past, primarily for production control inspection 
of TBCs. Before the widespread use of ceramic overcoats, ultrasonic testing was used to 
characterise plasma sprayed oxidation protection coatings [43]. The technique has not been 
widely considered, however, because the inherent porosity and micro-cracks inside the 
ceramic cause high attenuation and velocity dispersion of the ultrasonic waves. 
Surface acoustic waves (SAW) have been applied to evaluate the mechanical properties of 
the coatings after production. The phase velocity of the surface waves was measured which 
was then related to the elastic modulus of the material and hence the level of porosity. The 
SAW have been applied in different configurations, using either an ultrasonic bridge [44] or a 
pulsed laser [45, 46]. In addition, a similar approach has been applied using the pulse-echo 
configuration [47]. The measurements are, however, very sensitive to thickness variations. 
Furthermore, degradation in the form of cracks reduces the elastic modulus while sintering 
has the opposite effect, which would cause some ambiguity in the results. 
More recently, the pulse-echo configuration with high frequency (20MHz) probes has been 
applied to record reflections from the different interfaces in the TBC system [48]. Changes to 
the reflection amplitudes and time separation was correlated to degradation in the coating. It 
was also shown that thickness measurements could be conducted on a turbine blade. There 
are some practical disadvantages for this technique. Edge effects may complicate the analysis 
of the ultrasonic signals. Coupling gel was also required to ensure good transmission of the 
signal, which may be undesirable in service as it could penetrate into the porous ceramic. 
An alternative use of acoustic waves is used in production control but also as a measurement 
tool in the testing of TBCs. Acoustic emission (AE) is a passive technique in which the 
transmission of stress waves in the material are monitored using at least one ultrasonic 
transducer. The stress waves are related to events in the material, for example the growth of 
cracks. This technique was first proposed to assess spray coatings by following crack 
formation during thermal cycling to determine coating quality [49]. Since, it has been used as 
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a development tool in conjunction with creep tests [50] or thermal cycling tests to build a 
better understanding of the failure modes of TBCs [51] either to validate numerical models 
[52] or develop new processing techniques [53, 54]. AE is now included as a suggested 
measurement method in the international standard for the thermal cyclic testing of TBCs [55]. 
Although the technique is useful to monitor the progression of cracks, hence detect the rate of 
damage, it would be very challenging to apply in an operating engine due to additional 
sources of noise. In addition, the detected sound events do not differentiate between different 
types of damage. 
1.3.1.2. Eddy current methods 
Eddy current NDE is well established for measuring thicknesses of non-conductive coatings. 
A probe with an alternating current in a primary coil is placed against a conductive material 
causing the induction of a secondary current in the material, termed eddy current. The 
magnetic field of the eddy current opposes the primary magnetic field. The distance the coil 
is from the conductive material is termed lift-off and affects the mutual-inductance of both 
the primary and eddy current circuits. Changes to the inductance are measured by recording 
the resistance and inductive reactance on the primary coil and calibrated against known 
coating thicknesses for the same substrate material. As such, thickness measurements of the 
coating can be made. The complex layered nature of TBC systems, however, makes the 
modelling of the interactions very difficult. Furthermore, maintaining the same angle of the 
probe with respect to the surface is practically challenging on the complex geometry surfaces 
on which TBCs are usually coated. This causes errors in the measurement, thus the sensor 
reproducibility is very low [56]. 
To overcome these issues, the elaborately named „Meandering Winding Magnetometer‟ 
(MWM), commercialised by Jentek Sensors, has been used to measure the thickness of TBCs 
for production quality control [56, 57]. The MWM is an eddy-current based sensor which 
consists of a meandering primary coil winding which is used to create the magnetic field. 
Secondary windings, located either side of the primary windings, are used to detect the 
response. The device can be produced into a conformable sensor using micro-fabrication 
techniques onto thin flexible substrates [58]. Micro-fabrication produces essentially identical 
sensors therefore it is possible to accurately model the response from even highly complex 
components. In addition, the small size and conformability of the device means that TBC 
thickness measurements can be made in-situ on power generation gas turbine blades with 
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accuracy up to 5µm by scanning the device across the component surface [57]. However, the 
permeability of the substrate and bond coat material can change during service and this has 
an effect on the measurement [59]. This effect needs to be investigated for coating 
assessment throughout service life. Furthermore, although these probes can be used for in-situ 
inspection on land based gas turbines, access restrictions imposed by more compact engines, 
such as for aerospace applications, are far more challenging for this type of device where 
direct contact with the component is required. Currently the application of these devices are 
restricted by the very high cost, approximately $100,000, and expensive license agreements 
[60]. 
1.3.1.3. Thermal techniques 
NDE techniques based on thermal methods for the inspection of TBCs are the most 
developed and studied of all the methods. There are a variety of different configurations of 
the thermal inspections that have been investigated, however, all involve the instigation and 
monitoring of a thermal wave within the coating. When the surface or body of a material is 
exposed to a periodic heat source, the heat propagates through the body in the form of a 
heavily damped thermal wave. The transport of the thermal wave can be used to detect the 
material properties or defects in the material. 
Originally, the thermal inspections were conducted using a technique known as thermal wave 
interferometry to measure coating thickness [61], defects [62] and later coating properties 
[63]. Although positive results were obtained using this technique, it was limited to point 
measurements. The development of infrared detection systems and computer processing 
allowed the inspections techniques to cover larger areas [64]. 
More recently thermal wave imaging has been investigated for both production control 
purposes [65, 66] and throughout service life inspection of TBCs [67-69]. In this technique, 
also referred to as pulsed thermography, the dispersion of a thermal wave is observed as it 
passes through the test piece. Typically high-power flash lamps pulse the coating surface with 
thermal energy in the form of light. The temperature at the surface of the coating is recorded 
using an infrared camera. The thermal energy is conducted through the coating to the 
substrate. Defects and variations in the coating cause deviations to the anticipated 
temperature profile of the component. For example, a fluid gap caused by disbonding 
between the coating and substrate obstructs the flow of heat into the substrate therefore 
appears as a local area of higher temperature. This technique has been developed into a 
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commercial product for other applications, by Thermal Wave Imaging Inc., and has been 
employed as a quality assurance technique for turbine engine transitions [70]. The 
translucency of YSZ in the infrared range is typically overcome by the application of an 
opaque paint. The paint also serves to improve the absorption of the radiation and avoid the 
uneven distribution of heat across the surface due to non-uniform colour and emissivity of 
tested components. The addition of paint to the porous TBC is, however, undesirable as it 
penetrates into the YSZ and the type of coating used can affect the thermal response [69]. 
Recent results have shown that the problems associated with uneven colouration and 
emissivity may be overcome by processing of the cooling data [71]. Although this technique 
is promising for the identification of different types of defects, particularly coating 
disbonding, it is limited to ex-situ application due to the size of the high energy lamps and 
additional equipment involved. 
1.3.2. Alternative techniques 
While the previous section covered conventional, widespread NDE technologies this section 
covers techniques which are not generally included in the field of NDE. These techniques are 
adapted from materials characterisation methods to suit interrogation of TBCs or have been 
specifically developed for TBC evaluation. The practical implications and relative benefits 
and limitations of the techniques will be reviewed. 
1.3.2.1. Impedance spectroscopy 
This method was first investigated for the NDE of TBCs by Ogawa et al [72] and the 
promising results suggested that it was possible to determine the physical properties of each 
layer in the coating system. This led to many further studies into this technique to examine 
the failure behaviour of TBCs, a review and detailed description of the fundamentals is 
provided in [73]. 
An electrode is applied to the coating surface while the metal substrate is used as the other 
electrode. An electrical field with varying frequency is generated across the coating system. 
The electrical response of the different layers in the system, for example the YSZ coating and 
the TGO layer, are identified in the frequency domain. In this way the electrical response 
from different layers of the coating system can be separated in the impedance spectra and 
analysed. Changes in each of the layers of the system result in changes to their electrical 
response and therefore can be detected using this method. Two main configurations are used; 
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impedance spectroscopy (IS) whereby the technique is conducted in a dry environment with 
solid electrodes and electrochemical impedance spectroscopy (EIS) where an aqueous 
solution is used for the coating surface electrode. In the latter configuration the electrolyte 
penetrates into the pores of the YSZ therefore is more effective in measuring the 
microstructural features of the TBC [73]. 
Studies with IS have mainly concentrated on the development of the TGO with thermal 
testing of the TBC [74-77]. The greater capability of the EIS technique to measure the TBC 
properties have meant that studies using this technique evaluate the degradation of the 
coating system, for example sintering or crack growth [78, 79]. Alternatively it is used to 
perform detailed characterisation of the TBC material for example thermal conductivity [80], 
porosity or even pore shape analysis [81]. 
One of the main benefits of this technique is that the different layers in the coating system 
can be evaluated therefore it is possible to detect degradation before it causes delamination, 
disbonding or failure. Furthermore it is possible to achieve detailed characterisation of the 
TBC which can be used for production control. However, the data collected is often very 
difficult to interpret as several elements can overlap and IS is strongly dependent on the size 
and contact area of the electrode [73]. The nature of the technique restricts it to point 
measurement and the application of electrodes or submersion into electrolyte is undesirable 
for a working component. This technique is currently limited to lab-based TBC 
characterisation as the practical implementation in an engine environment, or even on 
working industrial components, would be very difficult. 
1.3.2.2. Piezospectroscopy 
An NDE method, which utilises the relative transparency of YSZ to determine the stress of 
the TGO layer, was proposed and explored over a decade ago [82]. Similar to the impedance 
methods it has the potential to identify degradation before disbonding occurs. It is designed to 
be used at regular intervals throughout service to predict the remaining coating life. 
The technique takes advantage of the intrinsic chromium contaminants in the alumina TGO 
layer. The Cr
3+
 ions are optically active centres in the alumina structure and when excited 
with light, typically using an argon-ion laser, the material emits the characteristic ruby R-line 
fluorescence. The laser and fluorescence wavelength are such that the scattering and 
absorption of the YSZ is minimal [83]. There are two distinct fluorescence transitions 
allowed by the Cr
3+
 ion corresponding to frequencies of 14402 and 14432cm
-1
, 694nm and 
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693nm respectively. When the material is strained the wavenumbers of these peaks become 
shifted, this is known as the piezo-spectroscopic effect [84]. The stress in the TGO can be 
related to the magnitude of the frequency shift therefore changes in the local stress can be 
observed and mapped across the surface to determine the lateral extent of the damage to a 
spatial resolution of 2-4µm [85, 86]. By recording the evolution of stress in the TGO at 
regular intervals the degradation of the TBC can be inferred. Typically the stress decreases 
near failure due to either rumpling of the TGO or initiation and growth of stress relieving 
cracks at the interface with the bond coat or TBC [87]. However, the evolution of the stress is 
affected by many factors including the surface roughness of the bond coat and the phase 
content in the TGO [88]. 
This technique shows promise for the evaluation of degradation at the bond coat/TBC 
interface in EB-PVD TBCs and was patented by Paton et al. in 2000 [89]. However, it has 
been shown that the technique has serious limitations when employed for the highly 
scattering APS TBCs. The maximum thickness of APS TBCs for which the technique is 
applicable is between 50 and 170µm depending on the type of coating [84]. This limitation is 
very restrictive because APS TBCs are typically greater than 200µm. 
1.3.2.3. Flame emission spectroscopy 
One proposed method implants a marker material in the TBC [90]. During thermal exposure 
the gradual degradation of the coating causes the release of the marker material into the gas 
flow. The atomic species are excited by the thermal energy and emit luminescence at a 
characteristic wavelength when returning to the ground state, which is detected using a 
spectrometer. Lithium has been used as the marker material and included in the TBC in the 
form of a lithium oxide sublayer. It is chosen due to its high emissivity in a wide range of 
temperatures, little environmental hazard and high melting temperature [91]. The exhaust 
gases can be optically monitored and increasing concentration of lithium indicates 
degradation of the TBC to a critical level. As such it is a passive technique to allow 
continuous health monitoring during operation. The addition of Li2O to YSZ, however, 
strongly changes the mechanical properties of the YSZ, particularly the coefficient of thermal 
expansion (CTE). Furthermore, since it is an intensity based method, polluted optics would 
affect the measurements. 
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1.3.2.4. Mid-infrared reflectance imaging 
Cracks which develop in the TBC during service cause increased reflectance due to the large 
component of total internal reflection at the TBC/crack interface. As the size and number of 
these cracks increase during degradation of the TBC this can be detected by observing the 
increase in reflectance [92, 93]. The mid-infrared wavelength range, 3-6µm, is used to take 
advantage of the maximum transparency of YSZ whilst detection is at 4µm to avoid 
interfering absorption from atmospheric constituents or inclusions in the TBC. Limited 
amount of detection equipment is required such that inspections could be conducted in-situ. 
However, other forms of degradation can cause false-negatives, for example erosion or 
surface staining will decrease the reflectance recorded. 
1.3.3. Photoluminescence techniques 
Doping TBCs with optically active ions to introduce a sensing capability was proposed as 
early as 1988 by Amano et al. [94]. However, it wasn't until a decade later that interest in this 
area was reinvigorated with the study of the temperature measurement capability of doped 
TBCs [95]. The addition of the dopants causes the TBC material itself to become 
phosphorescent and the temperature of the material can be measured by phosphor 
thermometry. This area of research has received a great deal of attention due to the possible 
benefits of temperature measurements during operation. This has also provided inspiration for 
alternative uses of doped TBCs for the detection of a number of different degradation 
mechanisms. 
1.3.3.1. Delamination and crack detection 
A method to detect subsurface cracks and delaminations at the interface with the bond coat 
using luminescent layers has been identified by Eldridge and co-workers [96, 97]. This 
technique is based on the Mid-infrared reflectance imaging concept described earlier, but 
doped layers are included in the coating to improve the localisation and contrast of the signal. 
Increased internal reflectance due to cracks or a fluid gap between the coating and bond coat 
causes a local increase in the scattering of the excitation light resulting in a higher probability 
of producing luminescence resulting in a local increase in the luminescence intensity. 
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1.3.3.2. Erosion detection 
An erosion indicating TBC was originally proposed by Amano et al. [94] by the addition of 
multiple marker layers in the coating. As the coating erodes, the intensity of the signal 
associated with the different marker layers will change. Using marker layers of known depth 
and thickness which have distinctly different emission spectra, i.e. different colour, the signal 
from each layer can be separated and the remaining thickness of the coating can be 
determined. The concept is shown schematically in Figure 1.3. 
A feasibility study has shown that erosion damage can be detected by imaging of the 
phosphorescence signal and offers much greater contrast compared to visual inspection [98]. 
Furthermore, if more than one layer is used, the time to erode an initial layer of a given 
thickness can indicate the approximate erosion rate and therefore remaining life due to 
erosion can be predicted. 
 
Figure 1.3. A schematic of the concept of an erosion indicating coating. Material removal from 
the surface, causes the change in the emission spectrum, here depicted as the condition moves 
from A to D. 
1.3.3.3. Ageing and corrosion detection 
Phase changes and contaminants have been shown to affect the luminescence properties of a 
doped TBC material. These effects can be used to detect ageing or corrosion processes in the 
TBC. As mentioned earlier, high temperature exposure of the YSZ causes the onset of the 
tetragonal to monoclinic transformation. The emission spectrum of YSZ doped with 
dysprosium changes according to the amount of the monoclinic phase present in the material 
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[99]. Along with CMAS attack, other contaminants in the gas flow can be detrimental to the 
performance of the TBC by chemically reacting with the YSZ to destabilise the material 
[100]. The chemical interaction alters the composition of the YSZ which can be detected as 
alterations in the phosphorescence when it is doped with a luminescent activator [101]. Such 
detection techniques could indicate the onset of damage before it becomes critical.  
All of the phosphorescence techniques have particular attributes in common. The techniques 
rely on the remote use of light for detection of damage processes. As such, all could be 
employed through the use of a modified borescope device to enable in-situ examination, 
similar to the current visual inspection routine. The techniques could also be used in 
combination to detect a range of degradation mechanisms with a single inspection. 
The required addition of percentile levels of dopant ions must not destabilise the primary 
coating performance. It has been shown that doped YSZ coatings can achieve the same 
durability as standard compositions [102]. Furthermore, stabilisation with dysprosia rather 
than yttria, for example, is considered potentially advantageous [103]. However, the 
certification of a new coating material, particularly for aerospace applications, is a lengthy 
and rigorous process and there may be industrial resistance to improvements solely for 
sensing purposes. 
1.3.4. Summary 
The relative benefits and limitations of the different NDE techniques have been outlined and 
a summary is provided in Table 1.1. 
Photoluminescence based techniques are seen to have a number of advantages over other 
NDE techniques for the detection and prediction of TBC degradation. The possibility to 
detect several different damage mechanisms using an in-situ inspection gives technical and 
practical benefits. These techniques are, however, relatively new and further investigation is 
required to understand their capability. 
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Table 1.1. A summary of the different NDE techniques for TBCs. 
Technique Benefits Limitations References 
Ultrasonic / 
SAW 
Characterisation of TBC 
material possible 
TBCs are highly attenuative, 
measurements dependent on 
thickness, contact probe with 
coupling gel required 
[44-48] 
Acoustic 
emission 
Provides information on 
coating failure 
Difficult to apply in engine, 
will not differentiate damage 
[49, 51, 52] 
Eddy current Well established for thickness 
measurements 
Complex geometries and 
layering of TBCs results in 
low reproducibility 
[56] 
Meandering 
Winding 
Magnetometer 
Conformable sensors for in-
situ production quality 
assessment. The response can 
be accurately modelled to 
assess several properties 
simultaneously. 
Very expensive point 
measurement method with a 
contacting probe therefore 
limited industrial application 
[56-58] 
Thermal wave 
interferometry 
Can detect thickness changes, 
thermal properties and 
disbonds 
Ex-situ point measurement, 
opaque paint required to 
overcome YSZ transparency 
[61-63] 
Thermal wave 
imaging 
Used for production control 
of turbine engine transitions, 
different defect types 
detectable 
Ex-situ, opaque paint usually 
required 
[67-71] 
Impedance 
spectroscopy 
Characterise each part of the 
TBC system separately to 
accurately assess TBC 
degradation 
Point measurement, electrode 
must be applied to surface, 
limited to lab-based 
characterisation 
[72-81] 
Piezo-
spectroscopy 
Stress measurement can 
identify degradation before 
failure 
Limited application for APS 
TBCs 
[82, 84-89] 
Emission 
spectroscopy 
Possibly applicable in-situ for 
condition monitoring 
Marker layers can affect TBC 
properties 
[90, 91] 
Mid-Infrared 
Reflectance 
Imaging 
In-situ assessment, identify 
degradation before failure 
Thickness variations and 
surface staining can cause 
false-negatives 
[92, 93] 
Reflectance 
enhanced 
luminescence 
Location of cracks and 
disbonds, in-situ inspection 
Luminescent dopant required [96, 97] 
Layered 
luminescence 
In-situ inspection, detect 
damage before critical, 
possible to monitor 
degradation rate 
Luminescent dopant required [94, 98] 
Ageing and 
corrosion 
detection 
In-situ inspection, detect 
damage precursors 
Luminescent dopant required [99, 101] 
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1.4. Temperature measurements 
In the previous section, the techniques were described which can be used to detect damage to 
the TBC. It is preferable, though, to anticipate degradation before it occurs. As such, rather 
than detect the degradation itself, measurement of the cause of degradation would provide 
better information for life prediction. As stated earlier, the primary failure mode of TBCs is 
associated with the operating temperature at the TBC / bond coat interface. In operation, a 
balance must be reached between efficiency gains by increasing the TET and reduction in 
component life. A 130°C increase in TET has been reported to provide a 4% increase in 
engine efficiency which provides a huge saving in operating costs [104]. For example, a 1% 
improvement can save $20m in fuel over the life of a typical gas-fired 400-500MW 
combined-cycle plant [104]. A 51°C increase at the bond coat interface, however, can cause a 
6-fold reduction in coating life [32]. Therefore, engine manufacturers require accurate 
temperature measurements to validate models and improve designs. Meanwhile, engine 
operators require temperature measurements to maximise efficiency while maintaining safe 
and reliable operation. The operating environment and conditions of TBCs make temperature 
measurement very challenging. This section provides a brief review of the temperature 
measurement methods that have been used for TBCs to highlight an opportunity for a novel 
NDE technique. 
The review is divided into two sections according to the way the methods are used. The first 
part covers techniques which measure the temperature during operation, i.e. online. The 
second part includes techniques which record the temperature so that it can be measured after 
the engine has shut down, i.e. offline.  
1.4.1. Online 
Temperature measurement during operation is desired because temperature transients can be 
observed and the operating conditions can be adjusted according to the temperature. 
1.4.1.1. Thermocouples and fibre optic sensors 
Thermocouples are well understood and widely used for temperature measurements. Thin 
film thermocouples have been used for surface temperature measurements of the super alloy 
in gas turbines. S-type (Pt:PtRh) thermocouples, 2µm thick, have been commonly used with 
an alumina oxide layer to protect the metal from oxidation which causes drift in the 
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measurement at up to 5°C/hr [105]. Fibre optic sensors have been developed and 
commercialised which overcome issues related to oxidation. However, both thermocouples 
and fibre optic sensors provide point measurements so a large number are required to make a 
temperature profile. Connecting a large number of sensors, particularly on rotating 
components, is a significant technical challenge. They also need to be in contact with the 
surface they are measuring so are intrusive.  
1.4.1.2. Pyrometry 
A popular remote temperature measurement technique is pyrometry. The infrared radiation 
from the surface is captured by a detector. The power of the radiation is dependent on 
temperature, according to Stefan-Boltzmann law, so that the amount of infra-red light 
detected can be related to the temperature of the surface. Pyrometers have been used to 
measure temperature in gas turbines for many years for both engine development and health 
monitoring [106]. The measurement of TBCs, however, has particular technical challenges. 
The emissivity of the coating can change during operation due to contamination layers. The 
effect of unknown emissivity may be partially overcome by the use of two-colour or multi-
wavelength intensity ratio based measurements, although some uncertainty remains [107]. 
Furthermore, extraneous radiation from reflections or particles in the gas stream cause 
significant errors compromising the accuracy of the measurements [108]. 
1.4.1.3. Phosphor thermometry 
A remote measurement technique that does not have the disadvantages related to pyrometry 
is phosphor thermometry. This technique relies on the temperature dependence of 
phosphorescence. A phosphor is used as the sensor material and an external light source and 
detector remotely excite and record the phosphorescence. Increasing the temperature causes 
changes to the phosphorescence properties by allowing alternative pathways for the 
excitation energy to be released [109]. This is typically observed as a change in decay time or 
relative emission intensity at two different wavelengths. As such, it is not a direct intensity 
measurement so intensity variations due to polluted optics or discoloured coatings do not 
affect the accuracy. As described previously, the TBC material itself can be doped with 
optically active ions so that it acts as both a thermal barrier layer and a sensor [95]. 
Furthermore, the doped layer can be embedded within the coating or multiple doped layers 
can be added to measure the temperature inside the coating or the thermal gradient [110]. 
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Recently, it was shown for the first time that precise temperature measurements are possible 
on an operating gas turbine [111-114]. The stated precision is within 4°C, the same as a 
commercial pyrometer used as a reference. The technique does, however, require optical 
access during operation which is not always feasible or desirable. 
1.4.2. Offline 
Rather than install optical access ports and make measurements during operation, a common 
approach, especially in the design phase, is to use offline measurement techniques. The 
temperature information is stored for analysis at a more convenient time, when the engine has 
been shut down. These techniques rely on permanent changes to the interrogated material 
which are caused by thermal exposure. The measurements are related to the past temperature 
of exposure, therefore they are referred to as thermal history measurements. 
1.4.2.1. Thermal paint 
Arguably the most widely used method for measurement on turbine blades is temperature 
indicating paints, or Thermal Paints. These paints are also known as thermochromic paints 
because they exhibit a permanent colour change with thermal exposure. The active metallic 
components are suspended in a binder to produce a paint which is air sprayed onto the surface 
of interest. Operation of the component causes thermally activated chemical reactions to alter 
the chemical composition and bonding within the material. The reactions change the spectral 
reflectivity of the material and hence its colour. The tested component is compared to a 
calibration chart to interpret colour changes which correspond to isotherms on the 
component, and no data is available between the colour changes. An example of the observed 
colour changes is shown in Figure 1.4. The figure shows that the colour changes are very 
gradual and accurate measurements require interpretation of subtle changes. 
There are strict conditions under which the paint should be used and for which the calibration 
remains accurate. The chemical reactions, for example oxidation, rely on the surrounding 
atmosphere to provide the necessary reactants. Therefore, changes in the atmospheric 
conditions can accelerate or impede the reactions, altering the temperature at which the 
changes occur. The particle size and morphology of the pigment is also critical. Smaller 
particles will have faster reaction rates while different sizes and shapes will change the 
reflectivity of the material [115]. The illumination light will change the observed hue of the 
paints so that standard setting should be used during the read out process. For the same 
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reasons, the roughness of the substrate also needs to be controlled. Although efforts have 
been made to automate the process, slight changes to the configuration alter the read out 
[116]. Hence, a wealth of experience is required for accurate interpretation, therefore, teams 
of specialists are usually employed to conduct the read out. 
 
 
 
Figure 1.4. An example of a thermal paint on a test piece (top left) before testing and (bottom 
left) after testing. An electrical current was passed through the piece such that the central 
narrow section became hotter than the edges. The relevant calibration colour chart is shown on 
the right covering from 290°C to 1270°C. 
One of the main limitations is the restricted operating time. The durability of the paint and the 
effect of time on the calibration mean that to achieve good results a dedicated test of 3-5 
minutes must be carried out [117]. The high cost of engine disassembly means that 
inspections are conducted with a borescope which limits the reliability of the interpretation. 
Finally, heavy metals and harmful solvents are used in most of the paint compositions. These 
constituents fall under the Registration, Evaluation, Authorisation and restriction of 
Chemicals (REACH) European legislation [118]. Although thermal paints are exempt due to 
their research and development status, the legislation is expected to cause a future shortage of 
supply or increase in cost of the constituents. 
1.4.2.2. Metallurgical and crystal sensors 
Alternative techniques are available which rely on thermally induced structural changes in 
materials. A range of metallurgical sensors are available all with a variant on a similar 
working principle. Heating of certain steel alloy compositions causes the precipitation of 
certain phases or annealing. These alterations to the microstructure can be detected in the 
magnetic susceptibility or hardness of the metal [119]. These sensors have been used in 
petrochemical and power generation plant but are not of great importance to TBCs because 
the maximum temperature limit is 900°C. 
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An alternative technique uses temperature sensitive crystals with a quoted measurement 
range between 150°C and 1400°C and accuracy of ±15°C [120]. The lattice parameter of 
diamond or silicon carbide crystals is shifted when irradiated with neutron radiation. The 
neutrons introduce point defects such as vacancies or interstitials which cause the crystal 
lattice to swell. Subsequent heat treatment causes annealing of the crystal and the lattice 
swelling is reduced. The change in the lattice parameter is dependent on the time and 
temperature of exposure and can be measured using X-ray diffraction [121]. The crystals are 
typically cemented into purpose drilled holes in the surface of the component of interest. The 
crystals only provide a point measurement therefore a large number are required to form a 
thermal profile. The requirement of holes in the component limits the application to test 
engines. 
1.4.2.3. Microscopic analysis 
The growth of the TGO and other degradation mechanisms can be measured directly by 
sectioning samples and analysing them under a microscope. The exposure temperature can 
then be inferred by experience and using mathematical models. This technique is well 
established and the information gathered is very accurate, for this reason the technique is 
used in industry. However, clearly it is destructive and requires disassembly of the engine.  
1.4.2.4. Thermal history phosphors 
A novel technique was invented in 2007 by Feist et al. which overcomes many of the 
disadvantages associated with the previously mentioned techniques [122]. The invention was 
based on observations made during the development of the phosphor thermometry for TBCs. 
When produced in a certain state, a phosphor material undergoes structural or chemical 
changes during thermal exposure. These thermally activated changes are permanent and can 
be observed in the phosphorescent properties. Therefore, the technique is non-destructive and 
the interpretation of the phosphorescence can be automated. Furthermore, the technique could 
be conducted in-situ using a modified borescope. 
The concept has been proven making use of two processes, one being the amorphous to 
crystalline transition, the other being compositional changes [123-125]. It was shown that the 
phosphor can be embedded into a binder and applied to the surface as a paint to provide a 
thermal profile across the component. The ceramic phosphor material can also be applied 
using the same deposition methods for TBCs to produce a highly robust coating. Either 
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embedded in the TBC material or applied as a sole layer, the temperature of the required 
element of the TBC system can be measured. In such a way, this technique has the unique 
advantage over the previously listed offline techniques, that it could be applied on operational 
components for maintenance inspections throughout service life. 
1.4.3. Summary 
The relative benefits and limitations of different temperature measurement techniques for 
TBCs are summarised in Table 1.2. The use of phosphors to record temperature information 
has been shown to have several technical advantages over alternative technologies. Although 
the concept has been proven, further work is required to understand the mechanism and 
demonstrate its capability. 
Table 1.2. A summary of the different temperature techniques for TBCs. 
Technique Benefits Limitations References 
Thermocouples 
and fibre optic 
sensors 
Measure temperature 
transients 
Point measurement, intrusive [105] 
Pyrometry Measure temperature 
transients, remote 
measurement 
Sensitive to other sources of 
radiation, optical access 
required 
[106, 108] 
Phosphor 
thermometry 
Measure temperature 
transients, embedded sensor 
to measure heat flux or 
interface temperature, remote 
technique 
Optical access and 
phosphorescent coating 
required 
[95, 111] 
Thermal paint Record temperature profile Limited durability of paint, 
toxic constituents, subjective 
interpretation, only 
isotherms can be detected 
[116, 117] 
Metallurgical 
and crystal 
sensors 
Continuous temperature 
calibration 
Intrusive, point measurement [120, 121] 
Thermal history 
phosphors 
Non-destructive temperature 
profiling, with robust, non-
toxic materials which can be 
embedded in TBC 
Under development [122, 124, 
125] 
 
1.5. Objectives of the project 
Detailed information on the operating conditions and degradation of TBCs are required for 
the future development towards prime reliant status. Partial damage to the coating must be 
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detected and the failure of the complete coating must be anticipated. NDE techniques offer a 
means to gather the required information, however the architecture and operating conditions 
of TBCs limit the applicability of currently available techniques. Recent innovations have 
produced novel techniques which use phosphorescent materials. These techniques have a 
range of technical and practical advantages over more established technologies. Further 
development of these techniques is needed to establish their capability. The objective of the 
project was to investigate two applications for luminescent materials for the evaluation of 
degradation and operating conditions of TBCs. 
The first of the two applications is the detection and quantification of white failure i.e. partial 
damage to the TBC in the form of thickness reduction. The concept of adding multiple layers 
of rare-earth dopants to the TBC to enable erosion detection has been suggested [94] and 
presented [98]. This project, however, aims to develop the technique by making quantitative 
assessments of the damage through the comparison with other established thickness profiling 
methods. Also included in the investigation was the effect of the introduction of the dopants 
on the coating erosion resistance and thermal stability to demonstrate the feasibility of the 
technique in an industrial application.  
The second application is the measurement of coating temperature which could be used to 
validate lifing models in the prediction of total TBC failure. An extensive market study in 
2011 revealed that the advantages of phosphors for thermal history measurements have 
industrial appeal across all sectors, not just for TBCs. For the gas turbine market there is an 
immediate and acute need to overcome the disadvantages associated with the currently 
available techniques. The concept has been proven, however, there are gaps in the 
understanding of the relationship between the phosphorescence and the microstructure of the 
material. This project aims to develop the understanding of the process to inform future 
material designs. 
1.6. Outline of thesis 
The structure of the thesis reflects the objectives outlined in the previous section.  
The second chapter covers the fundamentals underlying the different aspects of the research. 
The relevant theory of luminescence is provided to show how it can be used for the detection 
of erosion and reveal the microstructural features of the material. A model which describes a 
multi-layered phosphorescent TBC is presented to illustrate how the signal will change with 
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coating thickness. Finally, an outline is given into the effect of temperature on the 
microstructure of a material. 
Chapter three describes the instrumentation used throughout the project. The majority covers 
the methods and equipment used to make reliable phosphorescence measurements. Also 
included are the equipment used for the coating testing, heat treatment and materials analysis. 
The fourth chapter describes the investigation into the detection of erosion covering the 
coating production, testing and analysis of the erosion detection. 
The investigation into thermal history measurement using phosphors is described in the fifth 
chapter. It starts with the study into different phosphor materials with potential applicability 
in TBCs. One of these materials is considered further in the form of a coating applied by 
APS. Finally, the durability and phosphorescence measurement of the coating is 
demonstrated on a turbine blade which was operated in a test bed Rolls-Royce Viper engine. 
The sixth and final chapter provides a brief summary of the conclusions of the different 
elements of the project. The conclusions are used to make recommendations for future work. 
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2. FUNDAMENTALS 
The following chapter describes the theoretical basis for the research conducted in this 
project. The chapter is divided into three sections. The first covers the theory of luminescence 
and aims to illustrate how optically active dopants can act as atomic level sensors.  
The second section describes a mathematical model which was developed to calculate the 
propagation of the excitation and phosphorescence light through the highly scattering TBC 
material. This model is particularly relevant for the erosion detection aspect of the project as 
it was used to estimate the expected signal through multi-layered coatings. 
The final section outlines the kinetics of crystallisation and growth to understand the 
relationship between thermal exposure and changes in the microstructure of the material. 
These mechanisms are the key principles at the heart of the thermal history measurement 
technique. 
2.1. Luminescence theory 
A description of the theory underlying luminescence is provided to describe the mechanisms 
by which it can be used to detect erosion of the coating or the thermal history of the material. 
The principles introduced in this section form the basis of the discussions provided on the 
experimental results presented in later chapters. 
2.1.1. Introduction 
Luminescence plays an increasingly prominent role in everyday life. It has been adopted for 
modern developments such as energy saving light bulbs as well as mobile phone and 
television screens. Luminescence can be considered to be the inverse process to absorption 
whereby electrons, rather than be shifted to an excited state by an excitation energy of the 
appropriate frequency, return to the ground state from an excited state by the emission of 
photons. The excitation energy can come from several sources and the term 
photoluminescence refers to luminescence where the excitation mechanism is light. In this 
project only photoluminescence processes are considered. 
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The transition metals and rare earth series elements can be added to a material to make it 
photoluminescent. These dopant ions are intentionally introduced to the crystal to provide 
energy levels between the valance and conduction band of the host material. When embedded 
in the crystal structure, the ions are termed optically active centres. The energy of the 
illuminating light excites electrons in the optically active centre to higher energy states. To 
return to the ground state, energy may be released in the form of photons. The energy of the 
emitted photons is dependent on the energy levels of the centre which are, themselves, 
dependent on the type of dopant and the host lattice. As such, the photoluminescent 
properties of the centres are characteristic of the centre and the material which it is 
incorporated into. 
The lanthanide ions in the rare earth series have a specific property which causes the effect of 
the host on their photoluminescent properties to be minimal. As a result, the lanthanide ions 
are commonly used in phosphors and are used as the optically active centres in this project.  
2.1.2. Lanthanide dopants 
This series of elements have the particular property that the 4f shell is filled after the 6s shell 
is fully occupied, resulting in the outer electronic configuration being 5s
2
 5p
6
 4f
n
 5d
1
 6s
2
 
where n varies from 1 in cerium to 13 in ytterbium. When embedded in a crystal these 
elements are typically divalent or trivalent cations. In the trivalent case, the outermost 
electrons in the 5d and 6s shells are removed, resulting in a triple positive charged rare earth 
ion (RE
3+
). The observed transitions are within the electronic energy sublevels of the 4f
n
 
electronic configuration [126]. These valence electrons are shielded by the outer, though less 
energetic, 5s and 5p electrons. This shielding means that the crystalline field causes minimal 
perturbation to the energy levels of the ion so that the transitions are only slightly affected 
when the ions are incorporated in a crystal. Accordingly, the phosphorescent properties of the 
trivalent rare earth ion are largely the same irrespective of the crystal and can be considered 
as a free ion. Divalent lanthanide cations behave differently due to a smaller energy 
separation between the 4f and 5d energy levels. Consequently, transitions can occur between 
the 4f and 5d levels which are more affected by the crystalline field and transitions back to 
the 4f levels lead to broad excitation and emission bands [127]. Only trivalent lanthanide ions 
are used in this research therefore the transitions associated with these ions will be considered 
in more detail. 
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Since the trivalent lanthanide ions can be considered as free ions the energy levels can be 
determined using their quantum numbers. The result is commonly represented in the Dieke 
diagram which is shown in Figure 2.1 and gets its name because it was compiled by Dieke 
and co-workers [128, 129].  
 
Figure 2.1. The Dieke diagram showing the energy levels of the trivalent lanthanide series in 
lanthanum chloride, adapted from [126]. The semi-circular markings on some of the energy 
levels indicate levels from which transitions causing radiation have occurred. 
2. Fundamentals  2.1. Luminescence theory 
 
 51  
 
The Dieke diagram shows the energy levels of all the trivalent lanthanides in lanthanum 
trichloride (LaCl3). The crystal field in different host materials will cause splitting of the 
energy levels and the width of the lines in the diagram represent the degree of splitting due to 
the LaCl3 crystal field. The general extent of the splitting is less than the separation between 
the energy levels therefore the gross features of the diagram are representative of any host 
material. More details on the effect of the host material will be provided in the next sections. 
The limited effect of the host on the luminescent properties of the dopant is the principle 
underlying the erosion sensor coating, which was introduced in Section 1.3.3.2. The same 
host material can be doped with different trivalent lanthanides to produce distinctly different 
phosphorescent properties. Less than a few percent of rare earth dopants are required to 
generate photoluminescence so that the bulk properties of the material are expected to remain 
largely unchanged. The sharp energy levels cause defined emission peaks at particular 
wavelengths resulting in different emission colours from principally the same material. The 
emission colours can be used to differentiate the signal from the different layers in the 
coating to detect the extent of the erosion damage. 
2.1.3. Energy level transitions 
The Dieke diagram can be used to predict or interpret the phosphorescence properties of a 
given phosphor. Figure 2.2 provides an example of how the energy levels shown in the Dieke 
diagram can be used to describe the luminescence process. Incident light on the optically 
active centre can excite an electron to a higher energy state (A→B). The electron can return 
to the ground state by the release of either a photon or phonon. The former is termed radiative 
relaxation because it produces light while the latter, termed non-radiative relaxation, releases 
the energy as lattice vibrations. The probability of these competitive processes is strongly 
related to the energy gap between the excited level and the level just below it. As the energy 
gap increases, it can be shown that the increase in the probability of radiative relaxation is 
cubic [126], while the non-radiative probability decreases exponentially. The reason for this 
will be outlined later. The result is that, in general, transitions which produce luminescence 
are from widely separated energy levels. Figure 2.2 illustrates the non-radiative relaxation of 
the electron from the highest level to the closely spaced lower levels with wavy arrows 
(B→C). To breach the larger energy gap to the next lowest level, the release of a photon is 
probable. The energy of the ejected photon is characteristic of the separation between the two 
energy levels involved in the transition. The photon either causes the electron to return 
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directly to the ground state (C→D) or to a lower level from where further relaxation occurs 
(C→E). The non-radiative relaxation in the process causes the emission wavelength to be 
larger than the excitation wavelength. 
 
Figure 2.2. The luminescence process described using example energy levels and shown 
alongside a corresponding emission spectrum. 
Since the energy of the emitted photons is characteristic of the energy levels, the observed 
absorption and emission peaks can be assigned to particular transitions. The energy levels are 
labelled using the following notation: 
2S+1LJ 
Where S is the total spin, L is the total orbital momentum, and J is the total angular 
momentum. This notation is used to link the observed spectrum with the transitions. 
The radiative transitions are governed by a set of quantum mechanical selection rules. 
Radiation can be considered as a combination of electric and magnetic dipole radiation. 
Laporte‟s selection rule states that for a centrosymmetric atom electric dipole transitions are 
forbidden between states of the same parity. Since the parity does not usually change between 
the 4f states of a free lanthanide ion, the transitions are forbidden. When the ion is embedded 
in a crystal these rules can be lifted, allowing the transitions to be observed. It is then called a 
forced electric dipole transition. The transitions in trivalent rare earths are, therefore, only 
partially allowed. Magnetic dipole transitions are allowed when electric dipole transitions are 
forbidden, however they are weak in comparison. Although for 4f transitions in lanthanide 
ions the magnetic dipole transitions can have intensity of the same order of magnitude as the 
forced electric dipole transitions [130]. 
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Other rules apply in addition to the parity selection rule, for example the spin selection rule 
which states that there should be no change of spin in the transition between states (∆S=0). 
These rules are not absolute in solids and forbidden transitions occur but with a lower 
probability compared to allowed transitions. The lower probability of the 4f transitions cause 
them to occur at a lower rate with typical decay times greater than 10
-6
s. As such, it is called 
phosphorescence, to differentiate from the faster decay times observed in fluorescence. 
2.1.4. Crystal field effect 
It has been stated that the electric field of the host has minimal effect on the luminescent 
properties of a lanthanide dopant ion. Although minimal, this effect can be important and is 
employed in this research to observe changes in the structural properties of the host material. 
An external static electric field causes shifting and splitting of the spectral lines. This effect is 
known as the Stark effect. In the case of the lanthanide ion, the electric field is due to the host 
lattice and it causes splitting of the energy levels. The full extent of the splitting has been 
theoretically and experimentally shown to be of the order of 200-600cm
-1
 for rare earth doped 
oxides [131, 132]. This results in a maximum difference in peak wavelength of 
approximately less than 25nm in the optical range. The number of Stark levels depends on the 
local symmetry in the crystal [133]. 
The effect this has on the spectral lines is explained using the schematic representation shown 
in Figure 2.3. The figure depicts the hypothetical Stark levels for two energy states, a ground 
state and excited state. For simplicity the excited state has a single Stark level in all cases. 
The ground state, however, shows three Stark levels. The transitions from the excited state to 
the three different ground levels are shown in red, green and blue and the associated emission 
intensity is provided in the same colour. It is assumed that the probability of the transition is 
the same in all cases and the emission follows a Gaussian distribution. 
Figure 2.3(a) represents the situation in a perfect crystal. Here the dopant ion occupies the 
same lattice site and the electric field surrounding each ion will be the same. Hence, the Stark 
splitting will be common across all ions. Since the luminescent response from a material is 
the summation of all the ions, the resulting spectral lines will be well defined for each of the 
levels. However, if the crystal field is different for each ion the Stark levels will vary. This 
situation is represented for three ions in Figure 2.3(b). The variation in the Stark levels can be 
seen to alter the associated emission peaks such that the spectrum is broadened.  
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Figure 2.3. A schematic of the broadening effect of Stark splitting on the emission from a single 
energy level transition, for simplicity Stark splitting is only shown on the ground state. (a) The 
case for a perfect crystal where all ions occupy the same crystal sites. (b) The case for three ions 
showing different Stark levels, causing broadening of the emission spectrum. 
The random orientation in amorphous materials will lead to a variation in the electric field for 
each ion causing a random distribution of Stark levels. For sufficient number of dopant ions 
the levels will effectively form a band causing broadband spectral features [134]. Therefore 
the microstructure of the host will have an effect on the spectral features of the doped 
material. In this project the effect was used to indicate the thermal history of the material by 
observation of the emission spectrum. The materials were produced to be amorphous or nano-
crystalline. As such, the emission spectrum was expected to show broad peaks. As the 
material was heated the crystallinity will increase to cause sharp peaks in the emission 
spectrum. The microstructure of the host does not only affect the spectral properties, changes 
are expected in the temporal properties of the luminescence. This will be discussed in the 
next section. 
2.1.5. Time resolved luminescence 
This section will describe the decay mechanisms of the luminescence and how they relate to 
the microstructure of the host material. The temporal response of a phosphor is typically 
measured by delivering a short pulse of excitation energy then recording the subsequent 
phosphorescent emission as it decays. This technique is employed in this research to give a 
quantitative measurement of the thermal history of a material.  
A pulse of excitation energy promotes a number of electrons to an excited state. The number 
of electrons in the excited state decreases in time due to both radiative and non-radiative 
relaxation. For a simple two level system, the rate of relaxation of N electrons over time, t, is 
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given by Equation 2.1, where Pr and Pnr are the radiative and non-radiative decay rate/ 
probability respectively. 
 
     
  
               
Equation 2.1 
Equation 2.1 shows that the total decay rate, Pt, is the sum of both the radiative and non-
radiative decay rates. The solution of Equation 2.1 is Equation 2.2 which gives the number of 
excited electrons at any given time, where N0 is the number of excited electrons at t = 0. 
                  
Equation 2.2 
Assuming that the intensity of the luminescent emission is directly proportional to the 
number of electrons which relax per unit time, Equation 2.2 can be written as Equation 2.3. 
Here I0 is the intensity at t = 0 and τ = 1/Pt is termed the phosphorescence decay time. It 
represents the time when the emission intensity decays to I0/e. This is the value typically 
derived from time resolved luminescence measurements. 
           ( 
 
 
) 
Equation 2.3 
According to Equation 2.3 the phosphorescent decay follows a single exponential. This 
equation does not include the interaction between rare earth ions or defects in the host. The 
effect other dopant ions and lattice defects have on the decay will be considered in more 
detail later in this section. 
Since τ includes both the radiative and non-radiative rates, the decay time can be written as in 
Equation 2.4 where τr is the radiative decay time, ie. when the luminescence process is purely 
radiative. 
 
 
 
 
 
  
     
Equation 2.4 
The non-radiative rate, and therefore τ, depends on the phonon energies of the lattice 
surrounding the rare earth ion. As stated in Section 2.1.3, the probability of radiative and non-
radiative relaxation depends on the energy gap of the transition. When the energy gap is low 
the relaxation is dominated by the non-radiative rate. When the energy gap is high, however, 
radiative relaxation dominates. This is due to the number of phonons involved. For an energy 
gap equal to that of the lattice phonons surrounding the ion, the non-radiative transition can 
occur by the release of a single phonon. Once the separation is greater, then the relaxation 
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requires the simultaneous release of multiple phonons in order to bridge the gap, which 
decreases the probability of relaxation due to multiphonon emission. Assuming the active 
phonons have the same energy, the minimum number of phonons required to bridge the gap 
can, therefore, be calculated by dividing the energy gap by the maximum phonon energy 
available. The maximum phonon energies for the host materials applied in this project are 
550 cm
-1
, 700 cm
-1
, 650cm
-1
 for Y2O3 [135], Y3Al5O12 [135] and Y2O3 stabilised ZrO2 [136] 
respectively. A rule of thumb states that if over seven phonons are required then the dominant 
decay mechanism is radiative [137]. Consequently, the luminescence is generally observed 
from transitions between large energy gaps, for example 
5
D0→
7
FJ (~12500cm
-1
) in Eu
3+
 (see 
Dieke diagram in Figure 2.1). As stated previously, for lanthanide ions, the separation 
between the electronic energy states is largely independent of the host material. Therefore, 
the difference in the rate of the non-radiative decay from a given lanthanide level is 
predominantly due to the phonon frequency distribution of the host. For phosphor 
applications, host materials are sought with low phonon frequencies to improve the 
probability of radiative relaxation. 
In real applications, the host materials are of finite size and contain discontinuities in the 
crystal lattice, for example defects and impurities. Defects in the lattice in the vicinity of the 
dopant ion cause disruptions to the local crystal field [129]. As described in the previous 
section, this changes the energy level splitting of the dopant ion. Not only does this affect the 
spectral features of the ion, but also increases the probability of non-radiative relaxation 
[138]. 
Impurities, such as residual precursors from the synthesis process, typically have higher 
phonon energies than are present in the pure crystal. Water molecules are a prime example of 
such an impurity. The stretching O-H bond has a phonon band from 3100cm
-1
 to 3600cm
-1
 
which is approximately a factor of four to seven higher than typical crystal phonon energies. 
The excitation energy of the rare earth ion can be transferred to nearby hydrate bonds which 
then release it through their high energy phonons [139]. As such, hydrated crystals exhibit 
faster decay times. Water, nitrates and organic molecules are typical residual precursors in 
the sol-gel process. These all have high energy phonons which can be excited using infra-red 
light, a principle which is used in Fourier Transform Infrared Spectroscopy (FTIR) to 
characterise materials. This technique is applied in this project to indicate the presence of the 
high energy phonons and relate this to the luminescence properties of the material. A more 
detailed description of the FTIR technique is provided in the Section 3.4.2. 
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When the crystal size of the host decreases there are an appreciable number of dopant ions in 
the vicinity of the surface of the crystal. At the surface, different phonon modes are available 
compared to the bulk material. Also, the surface atoms may form bonds with other elements, 
such as hydrates, or the residual precursors. The high phonon energies of these bonds 
increase the rate of non-radiative decay since less phonons are required for relaxation [140]. 
2.1.6. Energy transfer 
Up to this point the rare earth ions have been considered to be in isolation, however, when the 
dopant concentration is sufficiently high the energy can transfer between ions. This process is 
used to improve the quantum efficiency of some phosphors by pairing ions that efficiently 
absorb energy with those that efficiently release the energy radiatively. In these cases, the 
energy absorbing ion is called a donor while the radiating ion is called the acceptor. The 
excitation energy is absorbed by the donor, causing it to be in the excited state. Then the 
energy is transferred to the acceptor such that the donor and acceptor are simultaneously 
relaxed and excited. The excited acceptor then releases the energy by radiative transition. The 
process is called energy transfer.  
The process can also occur between two identical ions, where the donor and acceptor are the 
same, in which case it is termed energy migration. Also, defects or impurities can be 
considered as acceptors, hence, the energy transfer process can increase the probability of 
non-radiative relaxation [141]. This is the cause of a phenomenon known as concentration 
quenching. This term refers to the observation that when the concentration of the dopant ions 
exceeds a certain critical level, the quantum efficiency of the phosphor decreases. Two 
mechanisms by which this occurs are schematically shown in Figure 2.4. On the left of the 
figure, the energy migrates between the identical rare earth ions until it reaches a defect or 
impurity which causes non-radiative relaxation. Alternatively, as shown on the right of the 
figure, the energy is released from the donor to cause a relaxation between two excited states 
and excitation of the acceptor to a higher state. From these levels the donor and acceptor may 
non-radiatively decay. 
Energy transfer between the ions can occur by different mechanisms depending on their 
separation distance, R [126]. At low separation distances, typically of the order of 10
-10
m, the 
ions are close enough so that the electronic wavefunctions may overlap. In this case the 
energy can be transferred by a quantum mechanical exchange interaction. For greater 
separation distances the energy transfer can be considered to occur by the release and 
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absorption of photons. The probability of this transfer mechanism depends on the type of 
interaction, whether it is electric or magnetic. For electric and magnetic dipole-dipole 
interactions the probability of energy transfer varies with R
-6
. The probability of other 
interactions decreases more rapidly with separation distance. Overall it has been estimated 
that, for typical rare earth ions in a solid separated by 1nm, the likelihood of radiative 
relaxation and the transfer of energy to an unexcited ion is the same [129]. 
 
Figure 2.4. A schematic of the (left) energy transfer between identical donor (D) and acceptor 
(A) ions. (Right) The cross relaxation mechanism, where the energy is transferred to cause non-
radiative relaxation of both ions. 
Including energy transfer in the decay mechanics of the phosphor greatly increases the 
complexity of the solution. The decay mechanism can be described in three different ways. 
The first model ignores energy migration to simplify the situation [142]. The other two 
models include energy migration, however this makes the process much more complex. One 
treats the energy migration as a diffusion process, while the other treats it as a random walk 
process which is referred to as the hopping model. The decay function differs for the different 
decay mechanisms. These are outlined qualitatively in the following paragraphs with the aid 
of Figure 2.5. The figure shows the decrease in light intensity over time, t, relative to the 
decay time of the isolated case, τd, described in Equation 2.3. A brief outline is provided for 
each description, for a more complete explanation the reader is referred to [126, 129].  
When energy migration is ignored the decay depends on the transfer of energy to acceptors. 
In a material where the number of acceptors approaches zero, the decay tends towards the 
isolated case given by Equation 2.3, therefore the decay is single exponential, as shown in 
Figure 2.5(a). However, when the number of acceptors increases, the decay becomes non-
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exponential at all times. An example of the decay is provided in Figure 2.5(b). The figure 
shows that initially the decay is much faster. This is because the donor sites close to acceptors 
quickly transfer their energy. At longer times, the donor sites remain excited for longer as the 
separation distance increases. The decay rate gradually decreases, never becoming 
exponential or reaching the isolated value of 1/τd. 
In the diffusion model the decay rate is dependent on the density of donors and the diffusion 
rate of the energy between them. Initially the decay is fast as the energy rapidly transfers to 
nearby acceptors. At sufficiently long times the decay becomes exponential as the transfer of 
energy to acceptors is limited by diffusion, referred to as the asymptotic decay rate. An 
example of the decay behaviour is given in Figure 2.5(c) for weak energy migration. When 
the diffusion is weak the decay will be non-exponential for a detectable period, whereas fast 
migration causes the decay to become rapidly exponential. 
If the donor-acceptor transfer is a dipole-dipole process the asymptotic decay rate is given by 
Equation 2.5 where αdd is a factor weighting the dipole-dipole interaction and D is the 
diffusion constant [129]. Since these two terms are expected to be constant for a given 
material, Equation 2.5 shows that, under the stipulated conditions, the asymptotic decay rate 
is linearly dependent on the number of acceptors. 
 
 
 
 
 
  
           
        
Equation 2.5 
 
In the hopping model the decay is dependent on the average time the excitation resides on a 
donor ion before hopping to the next, τ0. This is related to the density of the donors and the 
αdd factor. The time τ0 is assumed to be much shorter than τd so that the energy hops between 
many ions before it decays. The decay over time can be numerically calculated and two 
examples are shown in Figure 2.5(d) and (e). The plot of Figure 2.5(d) shows the relatively 
slow hopping case where τ0 = τd /10. The decay is similar to the diffusion model with a rapid 
non-exponential decrease initially, followed by an exponential decay. When the migration 
occurs much faster, as is the case for Figure 2.5(e), the decay becomes almost entirely 
exponential and the initial non-exponential regime cannot be observed. The asymptotic decay 
rate can also be shown to be dependent on the number of acceptors in the material. 
Both the diffusion and hopping models are approximations. Investigations have been 
conducted into the conditions for their validity. As a general rule, the diffusion model is more 
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appropriate when the D-A transfer is weaker than the D-D transfer, while the opposite is true 
for the hopping model. These two models and the decay equation for zero energy migration 
predict that the acceptor concentration has a direct effect on the decay rate. The decay 
mechanisms will be considered against the experimental data in the Thermal History 
Measurement chapter. 
 
Figure 2.5. The luminescence decay over time for different energy transfer conditions, redrawn 
after [129]. See text for further details. 
2.1.7. Summary of luminescence fundamentals 
This section has reviewed the theory of luminescence relevant to this project. In particular 
two aspects were considered. 
Firstly, the gross features of the luminescence from a lanthanide doped material are 
dependent on the lanthanide ion. This is the underlying concept for the erosion coating. 
Doping different lanthanides in the same host, returns different luminescence properties 
which can then be used to differentiate between different layers.  
Secondly, the minimal effect of the host material was considered in more detail. A 
description was provided for the effect the host microstructure can have on the spectral and 
temporal features of the luminescence. As such, the dopant ions act as atomic level sensors of 
the material properties. Therefore, the emission spectrum and decay time are expected to 
allow non-destructive interrogation of the microstructure of the material. 
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2.2. Light propagation through coatings 
As described in Section 2.1, the luminescence from a material is the sum of the radiative 
transitions from the individual dopant ions. The excitation and emission will attenuate 
through the material causing the observed transitions to be more prominent from the surface 
of the material. A theoretical approach has been applied to investigate how the attenuation of 
the light through the material will affect the luminescent signal. This is of particular 
relevance to the detection of erosion because the relationship between the thickness of the 
coating and the intensity of the luminescent signal is used to determine the extent of the 
damage. It can also be used to understand the effect thermal gradients have on temperature 
measurements from a sensor coating. This theoretical approach has been applied by the 
author for online phosphor thermometry measurements and is discussed in reference [3]. 
2.2.1. Introduction 
One of the most well-known models for the absorption of light through a medium is the Beer-
Lambert law, given in Equation 2.6. This describes how the intensity of the radiation, I, 
changes from its initial value, I0, through the distance, x, it travels through an attenuating 
medium which has an attenuation coefficient, A. The attenuation coefficient describes the 
fraction of the radiation beam which is attenuated per unit thickness of the medium.  
               Equation 2.6 
The Beer-Lambert model has been used to describe light attenuation through phosphor 
coatings [143] but only accounts for absorption of the light within the medium. TBCs have a 
high degree of voids and inclusions which lead to a high degree of light scattering, which is 
beneficial to reduce the heat transfer by radiation [144]. An alternative model is based on the 
Kulbelka-Munk (KM) theory which is widely used to describe the light transport through 
coatings [145-147]. The theory includes the effects of light scattering on the transport through 
the medium, therefore it was deemed more applicable for the purposes of this project. 
The KM theory was originally devised to consider the transport of light through coloured 
paint films ([148] translated version: [149]). Since its conception it has been applied to a wide 
variety of materials and more recently has been adapted to describe phosphor layers in 
fluorescent lamps [146]. The major strength of the KM approach for the modelling of 
phosphor coatings is that it only requires the absorption and scattering coefficient of the 
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material and the quantum efficiency of the phosphor. These coefficients can be determined 
through experimentation and will be considered in more detail later. For this reason the KM 
theory was applied in this research to describe the light propagation and phosphorescence 
generation through a sensor TBC. This was used to estimate the change in the intensity of the 
signal with coating thickness. 
2.2.2. Description 
The Kubelka-Munk (KM) model is a two-flux radiative transfer model which has been 
adapted for this research to describe phosphorescent coatings based on previous publications 
[146, 147]. The model is a one-dimensional approach, as such the light is considered to travel 
only in the direction perpendicular to the coating surface, as illustrated in Figure 2.6. Unlike 
the Lambert-Beer model, the light may propagate in both directions. 
The light propagating in the positive x direction, i.e. towards the substrate is labelled I(x) and 
the light travelling in the opposite direction is termed J(x) and both may either be absorbed, 
transmitted or scattered as they pass through the coating. Therefore, the light propagating in 
each direction can be described by Equation 2.7(a) and (b), where s and k are scattering and 
absorption coefficients respectively. 
 
Figure 2.6. An example phosphorescent coating showing how KM theory models the light 
transport, where black arrows denote excitation and grey arrows represent phosphorescence. 
      
  
                  Equation 2.7 (a) 
      
  
                 (b) 
It has been shown that these equations can be generalised to cover light from all directions by 
modification of the scattering and absorption coefficients, such that S = 2s and K = 2k [150]. 
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The general solutions of Equation 2.7(a) and (b) are described in Equation 2.8(a) and (b) 
where A and B are constants and   √        and   √        . 
                           
Equation 2.8 (a) 
                           
(b) 
Equation 2.8(a) and (b) can be used to describe the transport of excitation light through the 
phosphorescent coating. Assuming the subsequent phosphorescence is generated equally in 
both the positive and negative x directions, then the behaviour of the emission light can be 
described by: 
       
  
                                      Equation 2.9 (a) 
       
  
                                     (b) 
Where the prime refers to the light at the emission wavelength and q is the quantum 
efficiency of the phosphorescence. These equations have the general solutions: 
 
      
   
  
 
      
      
    
   
  
 
      
      
     
          
              
   
 
Equation 2.10 (a) 
 
       
   
  
 
      
      
    
   
  
 
      
      
      
         
              
   
(b) 
This set of equations was used to implement a model using Matlab software to simulate the 
response of a multi-layered phosphorescent coating. The coefficients used and the details of 
the coatings will be described in the next sections. 
2.2.3. Inputs to the model 
As stated in Section 2.2.1, the limited number of input parameters is one of the main 
strengths of the KM model. The coefficients are the absorption (k) and scattering coefficients 
(s), the reflection at interfaces and the quantum efficiency (q). The values assigned to these 
parameters will be outlined in the following sections along with the reasoning behind the 
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choices made. The values for the terms in Equation 2.7 to Equation 2.10 are determined by 
these coefficients using the boundary conditions outlined in the following sections. 
2.2.3.1. Absorption and scattering coefficients 
The response of the coating material is determined by its absorption and scattering 
coefficients. These represent the fraction of light which is either absorbed or scattered per 
unit length of the attenuating medium, as such they are given in units of m
-1
. These 
coefficients are material, microstructure and wavelength dependent. Therefore, the values for 
the absorption and scattering coefficients were sought for TBC structures and materials in the 
wavelength range of interest. 
The modelled coatings were based on the industry standard TBC material, YSZ. In bulk form 
this material is usually transparent. A demonstration of this is fully stabilised YSZ which is a 
common diamond replacement in jewellery, known as cubic zirconia. When applied as a 
TBC, YSZ appears white due to the high degree of scattering. This comparison is similar to 
that of ice and snow. As briefly stated in section 2.2.1, the high degree of scattering in TBCs 
is due to their microstructure [151, 152]. The coatings comprise a large number of fine 
particles which are interspersed with voids resulting in many interfaces which cause light 
scattering. YSZ TBCs are, therefore, expected to have a low absorption coefficient due to the 
transparency of the bulk material but a high scattering coefficient due to the microstructure. 
In order to quantify this, values were sought for the absorption and scattering coefficient from 
the literature for the wavelength range which is used for phosphorescence measurements, 
namely between 250nm and 700nm (UV and visible). 
A number of investigations have been conducted into the absorption and scattering 
coefficient of YSZ in the infra-red wavelength range to understand the radiative heat transfer 
through the coating [153-155]. There are, however, very limited reports on the absorption and 
scattering coefficients which go into the ultraviolet and visible wavelength range. Two 
reports, one by Wahiduzzaman et al. [144] and another by Stuke et al. [151] partially cover 
the wavelength range of interest for different types of plasma sprayed YSZ TBCs. Debout et 
al. [156], however, measured the optical coefficients of plasma-sprayed YSZ over a large 
wavelength range, from 250nm – 2.5µm, covering the complete range of interest. In addition, 
Limarga and Clarke [157] have reported the scattering coefficient of EBPVD YSZ TBCs in 
the same wavelength range. Selected values reported in these articles are extracted and 
redrawn in Figure 2.7. Each article provides an array of coefficient values depending on the 
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coating type. Therefore, only selected values are presented which are considered to represent 
a YSZ TBC.  
The trends of the absorption and scattering coefficients from the different sources largely 
agree, however the values differ by over an order of magnitude in some cases. In all of the 
reports the methodology was similar, whereby the hemispherical reflectance and 
transmittance were measured then converted to the optical coefficients. However, the coating 
samples were different. The referenced articles all stress the dependence of the optical 
coefficients on the microstructure of the coating. The differences observed in the reported 
values for the coefficients are therefore considered to be largely due to the differences in the 
coating samples. The effect these differences have on the results determined from the model 
will be considered later in Section 2.2.4. 
As expected, the absorption coefficient shown in Figure 2.7 is generally lower than the 
scattering coefficient given for both APS and EBPVD coatings, particularly in the visible 
range. The increase in the absorption coefficient in the deep ultraviolet range is attributed to 
the light energy approaching that of the band gap causing absorption by electronic transitions 
[158]. 
 
Figure 2.7. The optical coefficients for YSZ TBCs redrawn from values in the indicated 
references, see text for further details. 
The scattering coefficient for the EBPVD coating, shown in Figure 2.7, is the lowest of all 
the coatings provided, in some cases up to an order of magnitude lower than for APS 
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coatings. The lower values for EBPVD compared to APS coatings can be explained by the 
difference in the coating microstructure produced via the two deposition methods. APS 
coatings are formed in layers of „splat‟ like particles and contain a high degree of voids, 
lateral cracks and inclusions. EBPVD coatings, on the other hand, form in a columnar 
structure with finer pores. It is expected that the multiple interfaces in the APS coating 
perpendicular to the direction of light travel cause a high degree of scattering, while the 
columns in an EBPVD coating help channel the light through. 
Although a range of values are available from different sources only two sources provide the 
optical coefficients across the full wavelength range of interest, 250-700nm. For this reason 
these two sources, Debout et al. [156] and Limarga and Clarke [157], will be used to provide 
the first approximation for the absorption and scattering coefficients of APS and EBPVD 
coatings respectively. It is important to note that both of these sources state that the measured 
coefficients changed after heat treatment. However, once the coatings had experienced a 
relatively limited thermal exposure the coefficients in the ultraviolet to visible wavelength 
range do not change significantly. Debout et al. show that six hours of heating at 500°C was 
sufficient thermal exposure to stabilise the coefficients. Limarga and Clarke show that the 
scattering coefficient up to 800nm remains constant after heat treatment at 1150°C for one 
hour. This has positive implications for phosphor measurements because, once the transient 
as-deposited condition has been overcome, the light propagation through the coating should 
not be affected by further thermal exposure during operation. Therefore, from the perspective 
of light propagation, the behaviour of the sensor coatings is not expected to change after an 
initial heat treatment. For this reason, coating samples used to validate the model were heat 
treated at 950°C for 2 hours. 
No values could be found in the literature for absorption and scattering coefficients of doped 
YSZ. The doped YSZ materials were, therefore, assumed to have the same coefficient values 
as undoped YSZ. It is thought that the overall optical properties will be similar, however a 
greater degree of absorption may be expected at the excitation wavelengths where absorption 
of the light will cause phosphorescence. 
2.2.3.2. Reflection coefficient 
At each interface in the model the reflection coefficient must be set. The reflection coefficient 
indicates the proportion of light which is reflected and transmitted, whereby a value of 0 
corresponds to total transmission and no reflection and vice-versa for a value of 1. Zero 
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reflection was assumed at the illuminated surface of the coating. The metallic bond coat was 
assumed to have the same optical properties as the metallic substrate, therefore it is 
considered to be part of the substrate. The reflection coefficient at the interface between the 
coating and substrate was chosen to be 0.15, because this value was measured by Limarga 
and Clarke [157] over the ultraviolet and visible wavelength range for oxidised platinum-
modified nickel-aluminide, a typical bond coat material for TBC applications. This value was 
the initial setting and was changed when deemed necessary.  
2.2.3.3. Quantum efficiency 
The quantum efficiency can be described using Equation 2.11 [126] For a given intensity of 
excitation light which enters the material, Iin, some passes through and out of the material, 
Iout, and the rest is absorbed. Of that light which is absorbed some generates phosphorescence 
giving a certain emission intensity, Iem. The efficiency of this process is given by the quantum 
efficiency, q. Therefore, q represents the ratio between the emitted and absorbed photons and 
can vary between 0 and 1. Excitation of the phosphorescence depends on the excitation 
wavelength, as such, the quantum efficiency is wavelength dependent. The dependence on 
wavelength will be considered later. 
                 Equation 2.11 
To the authors knowledge there are no reported values for the quantum efficiency of YSZ 
based sensor TBCs. An approximate value of 0.5, which has been stated as being typical for 
lamp phosphors [23], was therefore chosen as an initial value for the model. In the majority 
of the analysis conducted using the model in this research the value of the quantum efficiency 
is not critical because the output of the model is relative therefore the value is arbitrary, 
where this is not the case its effect will be discussed. 
2.2.4. Model application 
To describe how the model works it is applied to two coating architectures. Firstly a single 
layer of phosphorescent material then secondly a double layer structure with a phosphor layer 
and an undoped overcoat layer. The overcoat layer acts as an attenuation medium and the 
output results from the model are compared to experimental measurements. 
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2.2.4.1. Modelling of a single layer coating 
The first step taken to investigate the signal response of a sensor coating was to model the 
variation in excitation and emission light intensity through the thickness of a single layer 
phosphorescent coating. 
The coating was based on YSZ:Dy because this has been frequently reported in the literature 
for sensor TBC applications as such its phosphorescence properties are well known [102, 
159, 160]. Frequency tripled YAG:Nd lasers, operating at a wavelength of 355nm, are 
frequently used to excite YSZ:Dy therefore this wavelength was chosen for the excitation 
light. The emission wavelength was chosen as 585nm because it is often used as the 
observation wavelength for YSZ:Dy phosphorescence measurements. These selected 
excitation and emission wavelengths were then used to find the relevant values for the 
absorption and scattering coefficients for the coating. The values were taken from the 
literature for an APS coating as described in Section 2.2.3.1.  
The coating was set at 200µm thick which is in the range of typical TBC thickness and the 
incident excitation intensity was arbitrarily set to 100. The result, shown in Figure 2.8, 
depicts how the excitation and emission light intensity changes through the coating thickness. 
The intensity value at any given depth has a contribution from the light propagating 
throughout the entire coating. The value indicates the amount of light passing through that 
depth in both directions. 
At 355nm the scattering coefficient is over an order of magnitude greater than the absorption 
coefficient therefore the change in intensity through the coating is expected to be dominated 
by scattering effects. The plot in Figure 2.8 shows that as the excitation light, I, is transported 
through the coating towards the substrate its intensity decreases in an exponential fashion. As 
the intensity of the incoming light decreases, so too does the scattered and reflected 
component, J. Near the surface of the coating, labelled A, the high intensity of excitation 
light causes the generation of phosphorescence, hence an increase in I’ and J’. The intensity 
of the phosphorescence increases up to approximately 50µm into the coating, denoted B, 
because the generation of phosphorescence is augmented by the scattered emission light from 
the surrounding coating. However, at depths greater than approximately 50µm, labelled C, 
the low intensity of the excitation light is generating less phosphorescence. The 
phosphorescence emission intensity for the overall coating is the J’ value at x=0, that value in 
2. Fundamentals  2.2. Light propagation through coatings 
 
 69  
 
this case being 10.9. The gradual changes in both the excitation and emission intensity show 
that the coating material is translucent at the selected excitation and emission wavelengths. 
 
Figure 2.8. The modelled result of the excitation (black lines) and emission (grey lines) light 
intensity variation through a 200µm thick APS YSZ:Dy TBC. The chosen excitation and 
emission wavelengths are 355nm and 585nm respectively. 
2.2.4.2. Duplex coating 
An overcoat layer of undoped YSZ material was introduced to the modelled coating to 
understand how embedding the phosphor layer in the coating affects the phosphorescence 
signal. 
 Through thickness intensity variation 
An example duplex coating was modelled to investigate how the light propagated through the 
doped and undoped layers. The doped YSZ:Dy layer was 30µm thick, the undoped YSZ 
overcoat layer was 100µm thick and zero reflection was assumed at the interface between the 
two layers. All other assumptions remained the same as reported in the previous sections. As 
for the single layer coating, the change in excitation and emission intensity through the 
thickness of the coating was calculated and is plotted in Figure 2.9. In this case, however, the 
phosphorescence intensity has been multiplied by a factor of 10 to improve visibility. 
The YSZ overcoat layer has the same absorption and scattering coefficients as the YSZ:Dy 
single layer coating modelled in the previous section. The reduction in the intensity as it 
propagates therefore follows the same exponential trend as in Figure 2.8. 
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Figure 2.9. The modelled result of the excitation (black lines) and emission (grey lines) light 
intensity variation through a duplex coating comprising a 100µm thick YSZ surface layer and 
30µm thick YSZ:Dy layer at the substrate interface. The phosphorescence intensity has been 
multiplied by 10 to improve visibility. 
A major difference, however, is observed in the phosphorescence intensity. It is not until the 
excitation reaches the YSZ:Dy layer that phosphorescence is generated. Over 90% of the 
incoming excitation has been absorbed or scattered by the YSZ overcoat so that the intensity 
of the phosphorescence is much lower compared to the single layered phosphor coating. The 
intensity of the emission light decreases rapidly into the YSZ:Dy due to scattering and 
absorption augmented by the decrease in the generated phosphorescence. The emission light 
also decreases gradually through the YSZ layer due to scattering and absorption. The 
phosphorescence emission intensity is significantly lower from the embedded sensor layer 
compared to the single layer sensor coating, described in the previous section. This decrease 
in intensity is dealt with quantitatively in the following section to compare the model to 
experimental measurements. 
 Comparison to experimental measurements 
The modelled results were compared with some experimental data to understand how close 
the agreement was and under what conditions the modelled results matched the experimental 
data. 
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The samples used to conduct the experimental investigation comprised a doped subsurface 
layer of a known thickness and an undoped YSZ overcoat layer of different known 
thicknesses. As such, the attenuation of the phosphorescence signal, due to the absorption and 
scattering in the overcoat layer, could be measured and compared to the modelled prediction 
using the same coating configuration described in the previous sub-section. 
Two sets of samples were available; one set was produced using EBPVD and the other via 
APS, as outlined in Table 2.1. The different deposition routes allowed the comparison 
between the model and experimental data to be performed for the different scattering and 
absorption values described in Section 2.2.3.1. All samples were heat treated at 950°C for 2 
hours after deposition. 
Table 2.1. An overview of the samples used for the validation of the model 
Ceramic deposition method EBPVD APS 
Substrate Nickel alloy Stainless steel 
Bond coat Nickel aluminide None 
Sensor layer material YSZ:Dy YSZ:Dy,Eu 
Sensor layer thickness 20µm 30µm 
Overcoat material YSZ YSZ 
Overcoat thicknesses 30µm 
60µm 
120µm 
200µm 
0µm 
45µm 
65µm 
90µm 
110µm 
140µm 
Samples measured 4 6 
 
The EBPVD coatings were produced at Cranfield University and comprised a 20µm thick 
YSZ:Dy layer at the bond coat interface and the different thicknesses of the YSZ overcoat 
layer were: 30µm, 60µm, 120µm and 200µm. The ceramic was applied to a nickel alloy 
substrate with an aluminide bond coat. 
The APS coating samples were produced by a subcontractor to SCS. They comprised a 30µm 
thick YSZ:Dy,Eu layer and the different thicknesses of YSZ overcoat were: 0µm, 45µm, 
65µm, 90µm, 110µm and 140µm. One sample of each different thickness was available. The 
phosphor layer was codoped with dysprosium and europium which meant that europium 
phosphorescence could be excited using 266nm and 532nm while dysprosium 
phosphorescence could be excited using 355nm. This allowed the effect of the excitation and 
emission wavelength to be included in the investigation. The ceramic was applied directly 
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onto a stainless steel because a bond coat was not considered necessary since the samples 
were not expected to undergo thermal testing. 
The phosphorescence from the samples was recorded using the equipment described in 
Section 3.1.1.2 to measure the decay time. The target of the experiment was to observe the 
difference in the phosphorescence intensity between the samples. Therefore, all of the 
measurement parameters, such as the excitation energy and the detector settings, were kept 
constant and the change in luminescence intensity was measured. The emission intensity was 
measured by integration of the phosphorescence decay over a fixed time period. The 
measurements were repeated after disassembly and reassembly of the equipment and the 
maximum difference was within 15%.  
The input parameters to the model, such as coating thickness and coefficients, were adapted 
to replicate the EBPVD coatings described in Table 2.1. First, the model was used to 
determine the emission intensity solely for the 20µm thick YSZ:Dy. Then an overcoat YSZ 
layer of increasing thickness was included in the model from 2µm to 200µm. The modelled 
change in the emission intensity with respect to the thickness of the overcoat is shown as a 
solid line in Figure 2.10. The intensity is normalised to that determined for the single 
YSZ:Dy layer. 
The thickness values shown in Table 2.1 are the targeted values however there is some 
variability in the thickness of the coatings produced by EBPVD. Typically the target 
thickness is achieved through a calibration of the deposition rates of the coater in the desired 
setting. The coating manufacturer stated that an estimate of the thickness variation in the 
coatings produced using the method described here is 17% [161]. This thickness variation 
will have an effect on the emission intensity such that when the doped layer is thicker, or the 
overcoat layer is thinner than targeted, the emission will be brighter than expected. Equally, 
when the opposite is true the emission will be dimmer than expected. This effect was 
considered in the model by determining an upper and lower limit for the emission intensity. 
The upper limit, labelled the brightest case on Figure 2.10, is when the YSZ:Dy layer is 17% 
thicker and the overcoat layer is 17% thinner than targeted. The dimmest case represents the 
opposite condition, where the doped layer is 17% thinner and the overcoat is 17% thicker 
than targeted. These upper and lower limits were included to investigate how thickness 
variations affect the modelled results. 
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Also shown on Figure 2.10 are the experimental results for the four EBPVD coatings. Each 
of the samples, all of which had a different overcoat thickness, were measured at eight 
different locations. All of the measurements are shown as crosses on the figure and indicate 
the variation in intensity across the sample. Since there was no sample without an overcoat 
layer, all of the results were scaled by a factor which matched the maximum intensity value 
for the 30µm thick overcoat to the modelled result. 
 
Figure 2.10. The change emission intensity with increasing thickness of the undoped overcoat 
predicted by the model (solid and dashes lines) and measured from the four EBPVD coatings at 
eight locations (blue crosses) 
There is good agreement between the experimental results and the modelled prediction in 
several ways. Firstly, the measured decrease in the emission intensity is very similar to that 
determined with the modelling approach. All experimental data lies on the modelled curve, 
apart from the experimental results for the sample with a 60µm thick overcoat which are 
slightly higher. This may be due to differences between the real and chosen coefficients. 
Secondly, a variation can be observed in the experimental results for the different locations 
on the same sample. These distributions of the results for the same sample are within the 
upper and lower bound limits predicted by the model. Furthermore, as the overcoat thickness 
increases the model predicts that the intensity variations associated with coating thickness 
variations decreases. This result agrees with the experimental data which show a decrease in 
variation as the overcoat thickness increases. For large overcoat thicknesses the excitation 
intensity has decreased significantly once it reaches the doped layer such that the emission 
intensity has limited dependence on the thickness of the coating layers. Therefore, as the 
2. Fundamentals  2.2. Light propagation through coatings 
 
 74  
 
overcoat thickness exceeds approximately 150µm the phosphorescence intensity is 
insensitive to coating thickness.  
For further validation, the results from the APS samples were compared to the model. The 
YSZ:Dy,Eu material in the APS coating samples was excited using three different harmonics 
of the YAG:Nd laser, namely 266nm, 355nm and 532nm. This approach was used to consider 
how the decrease in emission intensity was affected by the excitation wavelength using both 
the model and experimental measurements. 
The input parameters to the model were set to match the APS coating samples, summarised in 
Table 2.1, as in the previous section for the EBPVD coating comparison. However, the APS 
samples do not have a bond coat therefore the setting of the reflection coefficient at the 
coating/substrate interface was adapted. The reflectance of stainless steel in the wavelength 
range of interest here is approximately 50-60% [162, 163]. Therefore, the reflection 
coefficient was set to 0.6 so that the model was as closely representative of the coating 
samples as possible. 
As discussed in Section 2.2.3.1, the absorption and scattering coefficient is dependent on the 
wavelength but also on the condition of the coating. In order to investigate both of these 
dependencies, the model was employed with optical coefficients for different excitation 
wavelengths and from the three different literature sources related to APS coatings mentioned 
in Section 2.2.3.1. The absorption and scattering coefficients extracted from each of these 
sources are provided in Table 2.2 for the different excitation and emission wavelengths. No 
values are provided in cases where the literature source does not cover this wavelength range. 
Table 2.2. A comparison of the absorption and scattering coefficients for APS YSZ at the three 
different excitation wavelengths. The values are extracted from three reports in the literature. 
 Excitation wavelength Emission wavelength 
266nm 355nm 532nm 590nm 
Absorption coefficient (m
-1
) 
Debout et al. [156] 
Stuke et al. [151] 
Wahiduzzaman et al. [144] 
 
8080 
- 
- 
 
2900 
760 
- 
 
680 
124 
52 
 
164 
93 
37 
Scattering coefficient (m
-1
) 
Debout et al. 
Stuke et al. 
Wahiduzzaman et al. 
 
12840 
- 
- 
 
31400 
41625 
- 
 
122160 
41800 
20232 
 
121440 
39160 
18792 
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The table clearly shows the significant difference in the coefficient values for the different 
wavelengths and literature sources. At 532nm, where coefficient values are available for all 
three sources, there is a 13 and 6 fold difference between the highest and lowest values for 
the absorption and scattering coefficient respectively. All of the values in Table 2.2 were 
separately input into the model to investigate the sensitivity of the results to the coefficient 
values. The results were compared to the experimental data to see if there was agreement. 
There is a considerable difference between the modelled results plotted in Figure 2.11. The 
results for the different excitation wavelengths from Debout et al. (solid lines) are very 
similar. This is because light at 266nm is heavily absorbed while at 532nm it is heavily 
scattered and 355nm represents an intermediate case where there is a substantial degree of 
both absorption and scattering. The results gained using the values from Stuke et al. (dashed 
lines), however, show a notable difference between excitation at 355nm or 532nm. This is 
because the scattering coefficient is approximately the same (within 0.5%) while there is a 6 
fold difference in the absorption coefficient value. The decrease in emission intensity is 
considerably lower with overcoat thickness when the values are taken from Wahiduzzaman et 
al. (dash-dot lines) because both the absorption and scattering coefficients are significantly 
less than in the other sources.  
 
Figure 2.11. The change in emission intensity with increasing overcoat thickness determined 
using the model (lines) and experimental data (markers). The modelled results are calculated 
using APS parameters from three different literature sources (Debout et al., Stuke et al. and 
Wahiduzzaman et al.) and a reflection coefficient of 0.6 at the substrate interface.  
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The decrease in the emission intensity measured experimentally follows a similar trend to the 
modelled prediction. There is a dramatic decrease when a 45µm overcoat layer is applied and 
a gradual decrease for greater overcoat thicknesses. The trend appears similar for the different 
excitation wavelengths however the extent of the decline is dramatically different. The 
greatest decline is observed for excitation at 266nm this is thought to be due to a high degree 
of absorption. The decrease in the emission intensity is reduced at 355nm and further still at 
532nm, which may be due to less absorption compared to 266nm. 
Overall, the experimental results fall in the upper and lower limits given by the different 
modelled results. The difference with excitation wavelength recorded experimentally for 
355nm and 532nm is similar to that determined using the model and the coefficients provided 
by Stuke et al. It is therefore shown that the model can be used to estimate the light 
propagation through APS coatings, however the results are dependent on the chosen 
absorption and scattering coefficient values. In order to gain accurate prediction for a given 
coating system the absorption and scattering coefficients would need to be measured. This 
was deemed outside the scope of this project. 
 Discussion of validation 
The model can be used to estimate the trends in the experimental data, however, there are 
several limitations in the modelling approach which need to be mentioned. 
The KM model is based on a one-dimensional theory of light propagation but can be 
generalized to the two-dimensional case if the light is assumed to be diffuse. The excitation 
laser light for the validation measurements does not fit within this assumption. It has been 
shown, however, that the KM model provides a good approximation for collimated 
illumination for highly scattering and weakly absorbing coatings [145]. The scattering 
coefficient is at least one order of magnitude higher than the absorption coefficient between 
350nm and 700nm for the APS coatings from all the literature sources. For EBPVD coatings 
only the scattering coefficient is provided in the literature because the absorption coefficient 
was assumed to be zero. In cases where the absorption coefficient is similar to the scattering 
coefficient, such as in the deep ultraviolet range, it may be more appropriate to use a four-
flux model to achieve a more accurate description of the light propagation when a collimated 
excitation source is used. The four-flux model extends from the two-flux model described in 
the Kubelka-Munk theory. It separates the contribution from collimated and diffuse light to 
provide a more complex and comprehensive description of the light propagation. 
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The value of the quantum efficiency is arbitrary in the way the model is applied for the 
majority of the analysis described here. Therefore, a constant value across the wavelength 
range will not affect the analysis. However, when the results from different excitation 
wavelengths are compared this assumption does not account for any dependence of the 
quantum efficiency on wavelength. The excitation spectrum of the phosphor determines the 
degree to which it is excited by certain wavelengths of light. A relatively simple correction 
for the dependence of the quantum efficiency on wavelength could be achieved using the 
excitation spectrum which was not available in this project. Such a correction is only 
necessary when the output of the model is compared for different excitation wavelengths. 
This comparison is only employed for one section of the model validation. 
The original KM model assumes a homogenous material throughout the coating. A layered 
coating, like the duplex coating, can be described by stacking homogeneous layers together, 
provided they have the same refractive index [164]. Although TBCs are not homogeneous, 
even within the layers, the optical properties are anticipated, and assumed, not to be graded 
through the thickness. To avoid this assumption a more complex model would need to be 
applied which requires a more detailed knowledge of the material properties. Since these 
properties are likely to change between different TBCs the application of such a model would 
become time-consuming. The KM model as applied here is deemed to produce a suitable 
compromise between accuracy of results and practical application to sensor TBCs. 
 Conclusion of validation 
The output of the model is dependent on the absorption and scattering coefficient inputs. It 
has been shown that there is a wide range of reported values for these coefficients and that 
they depend on the coating condition. The model, therefore, provides a generic solution 
taking coefficient values from the available literature sources. When compared to the 
experimental data, the results from the model have very good agreement for an EBPVD 
coating. For the APS coatings, the experimental results fall within the upper and lower limits 
determined using the model with different absorption and scattering coefficients from the 
literature. It has been shown that the model can be used to predict the light propagation 
through a multi-layered coating to estimate the trends in the phosphorescence emission 
intensity. For a more accurate description detailed knowledge of the optical properties of the 
coating under analysis would be required and this was considered overly time-consuming and 
intensive for the present project. 
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2.3. Crystallisation kinetics 
The luminescence theory section (2.1) described how the rare earth dopants can act as sensors 
of the local host environment. The extent of the crystallisation of the host lattice will affect 
the luminescent spectrum and decay time. Crystallisation is a temperature driven process 
which causes permanent structural change to the material. The luminescence can, therefore, 
be used to interrogate the extent of the crystallisation and, through calibration, determine the 
severity of the thermal exposure. The accuracy of the technique is dependent on the 
calibration. Hence, it is important to understand the relationship between the thermal 
exposure, the extent of crystallisation and the associated luminescence. This section covers a 
model describing the crystallisation process, relating it to the temperature and duration of the 
thermal exposure of a material. This model will be used in the Thermal history measurement 
section to show how the crystallisation process is observed through the luminescence of the 
material. 
2.3.1. Johnson-Mehl-Avrami approach 
The Johnson-Mehl-Avrami (JMA) approach, also known as the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) approach, [165-168] is central to the modelling of transformation 
kinetics. It has been widely applied to the crystallisation of materials, including YAG, a 
principal material in this project [169, 170]. The approach describes the homogeneous 
formation of the new phase from randomly distributed nuclei in isothermal conditions.  
Solid state phase transformations can be sub-divided into three stages, nucleation, growth and 
impingement. Although there are many modes by which these different stages progress, the 
fraction of the new phase, f, in time, t, can be described using the simple expression in 
Equation 2.12.  
                 Equation 2.12 
In Equation 2.12, k is the temperature dependent rate constant and n is the called the Avrami 
exponent and has a value from 0.5 to 4 depending on the type of transformation. The equation 
can also be written where the Avrami exponent only applies to the time term (f = 1-exp(-kt
n
)) 
however when n is not an integer the units of k (seconds
-n
) become complicated and exotic. 
Therefore, Equation 2.12 is more suitable for practical use [171]. In either case, the rate 
constant is related to temperature, T, by the Arrhenius expression in Equation 2.13, where v is 
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the pre-exponential parameter, Ea is the activation energy of transformation and R is the gas 
constant. 
 
        [ 
  
  
] Equation 2.13 
The values of these terms are typically determined by fitting with experimental data. 
Rearranging Equation 2.12 gives Equation 2.14 so that a plot of ln(-ln(1-f)) against ln(t) is 
linear and the gradient is n and n ln(k) is the intercept. 
                              
Equation 2.14 
Once the values of n and k are known, the values of v and Ea can be determined by a similar 
method. The value of n is used to indicate the nucleation and growth mechanisms. The 
theoretical values associated with the different mechanisms are provided in Table 2.3 [172]. 
These values are only considered as approximations for the transformation mechanisms. 
Table 2.3. The theoretical value for the Avrami exponent, n, depending on the nucleation and 
growth mechanisms [172]. 
Nucleation rate Growth morphology Growth rate 
Zero rate a = 0 One-dimensional b = 1 Interface controlled, 
linear rate 
n = a + b 
Constant 
rate 
a = 1 Two-dimensional b = 2 Diffusion controlled, 
parabolic rate 
n = a + b/2 
Increasing 
rate 
a > 1 Three-dimensional b = 3   
Decreasing 
rate 
0 < a < 1     
 
Nucleation is the formation of supercritical size particles from subcritical size particles. The 
supercritical particles become nuclei because they are above the critical size, meaning energy 
is released in their subsequent growth rather than required. As shown in Table 2.3, nucleation 
can occur in four different ways. The name given to the nucleation mode describes the rate at 
which it proceeds during the transformation. Of particular interest in this project is the zero 
nucleation rate. In this mechanism the nuclei are present in the material at the beginning of 
the transformation (t=0) and no new nuclei are formed. This mechanism is thought to be 
representative of a quenched material [173], such as a plasma sprayed coating. The rapid 
quenching causes a large fraction of amorphous material, however, a certain number of 
crystallised particles will remain. Depending on the material and spray parameters, the 
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density and size of these particles will vary. On subsequent heat treatment the crystalline 
particles above the critical size will become nuclei and allow the crystalline phase to grow.  
The growth of the new phase can occur in one, two or three dimensions and this has an effect 
on the Avrami exponent as shown in Table 2.3. In the cases dealt with in this project the 
growth is expected to be in three dimensions. There are two growth rate mechanisms, one for 
volume diffusion controlled growth and one for interface controlled growth. The diffusion 
controlled growth typically describes the case when long range compositional changes take 
place. The interface controlled growth is determined by atomic level processes in the 
immediate vicinity of the growth front. The growth of nano-crystals has been described to 
occur through the aggregation and coalescence of particles [174]. The coalescence occurs 
more readily in smaller particles due to higher surface energies and surface area to volume 
ratio [175]. As such, the growth of smaller crystals can occur more rapidly to result in an 
eventual uniform distribution of crystal sizes which is dictated by temperature. If the rate of 
growth is constant with temperature then it follows the Arrhenius equation provided in 
Equation 2.15 [176]. 
 
         [ 
  
  
] Equation 2.15 
In Equation 2.15, D and D0 are the average and initial crystallite size, Ea is the activation 
energy of crystallite growth, R is the gas constant and T is the absolute temperature. 
Therefore, plotting the natural logarithm of the crystallite size against the inverse of 
temperature should give a linear relationship. When this is not the case, different modes of 
growth may be occurring. 
When the growth is allowed to continue the grains will interact with each other. Within the 
JMAK approach the interaction causes hard impingement of the growth, decelerating the 
growth rate. This results in a characteristic „S-curve‟, an example of which is shown in Figure 
2.12. The figure shows the solution to Equation 2.12 for a single time and range of 
temperatures for different values of n and the values of Ea and v are 200kJ/mol and 10
6
 
respectively, chosen purely for demonstration. The plot is subdivided into the three stages of 
the transformation with schematics depicting the microstructural features of the material 
undergoing the transformation. 
It must be stated that the values of Ea and n are assumed to be constant throughout the 
transformation. In reality these values are found not to be constant for a given transformation. 
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This is typically attributed to a change in the mechanism during the transformation. The 
JMAK approach is used in this project to understand whether the luminescence follows the 
crystallisation behaviour of the material. 
 
Figure 2.12. A schematic representation of the JMAK model result for a fixed duration of 
exposure overlaid on images depicting the nucleation, growth and eventual impingement of the 
crystalline grains. 
2.4. Fundamentals summary 
The gross phosphorescence features of lanthanide doped materials are dictated by the chosen 
dopant ion. Therefore, by adding discrete layers of different dopants in the same material, the 
phosphorescence properties will change through the thickness. This approach is applied for 
the detection of erosion in this project. As the excitation light attenuates through the coating, 
the intensity of the phosphorescence from the different layers will change. A model was 
developed to describe multi-layered coatings so that the light propagation through the 
coatings could be estimated. The results from the model provided good agreement with the 
trends in experimental data, although further improvements to the absolute values are 
expected if the input coefficients are measured from the coating material under investigation. 
While the type of lanthanide ion dictates the gross phosphorescence features, the condition of 
the host material has a significant effect. The crystal field surrounding the ions affects the 
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phosphorescence spectrum and energy transfer through the material affects the decay time. 
As such, the dopant ions act as atomic level sensors for the condition of the surrounding host. 
The final section of this chapter described how the microstructure of the material can be 
altered by thermal exposure. These changes are dominated by the temperature of exposure so 
that the phosphorescence properties can be related to the past temperature of the material. 
This is the concept behind the thermal history measurement. 
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3. INSTRUMENTATION 
This section describes the instrumentation used throughout the research, for luminescence 
measurements, coating testing, isothermal heat treatment and materials characterisation. The 
section is divided into these parts accordingly. The discussion focuses on the elements of the 
instrumentation which may affect the measurements. These include the excitation laser light, 
the photomultiplier and spectrometer. The section describes how they are used in order to 
achieve the most reliable and accurate results. 
3.1. Luminescence measurements 
The overall configuration used to detect the luminescence from the phosphor samples is 
shown schematically in Figure 3.1. Excitation light of a chosen wavelength is directed 
towards the sample. The resultant phosphorescent emission has a different wavelength to the 
excitation light and is captured using optics and delivered to a detector. The detector digitises 
the signal and passes it to a computer for processing.  
 
Figure 3.1. A schematic of the common instrumentation configuration for the luminescence 
measurements 
Two variations on this overall configuration were used to capture the luminescence. The 
difference between the two depends on whether the measurement comes from one point on 
the sample or over a broader area. The former case is referred to as point measurement and 
the latter as imaging. The experimental configurations and equipment used in each case are 
detailed in the following sections. 
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3.1.1. Point measurements 
The point measurements can be divided into two types, lifetime decay measurements and 
spectral measurements. In the first type, the luminescence is recorded with respect to time. In 
the second type, the luminescence is recorded with respect to wavelength. The difference in 
the set-up is limited to the detector and the processing of the data. The excitation light source 
is the same for both configurations. 
3.1.1.1. Excitation light source 
Yttrium aluminium garnet doped with neodymium (YAG:Nd) is a popular laser material. 
YAG:Nd lasers are often used for phosphorescence measurements because they are stable 
and powerful light sources. The crystal material is excited using a flashlamp and the electron 
transition in the neodymium ions from the 
4
F3/2 to the 
4
I11/2 level generates light at 1064nm. 
This can then be frequency doubled, tripled or quadrupled to produce 532nm, 355nm or 
266nm wavelength light respectively. 
The laser used in this research (Brilliant B, Quantel) was operated at 10Hz in a Q-switched 
mode to produce a laser pulse lasting approximately 6ns. The energy of the laser can be 
controlled by adjusting the delay time between the flashlamp pulse and the Q-switch gate. 
The minimum setting for this delay was 220µs which corresponds to the peak of the 
neodymium luminescence. As the delay time was increased the output laser energy reduces as 
the luminescence intensity decays. Furthermore, as the delay time increases, the energy of 
each laser pulse has increasing fluctuation. This is represented in the plot shown in Figure 
3.2, which presents data recorded using an energy meter (QE25SP, Gentec-EO) to record the 
laser pulse energy when operating at the fundamental wavelength. The laser pulse energy was 
measured 30 times over the full range of the delay settings. The open circles show how the 
laser pulse energy increases as the delay time decreases. The closed circles show how the 
standard deviation of the pulse energy in repeat pulses generally decreases with the delay 
time. A local minimum in the standard deviation was observed at a delay setting of 360µs. 
Although the reason for this minimum was not clear, repeat measurements were within 1% 
indicating the validity of the observation. To reduce the laser energy fluctuation between 
pulses the flashlamp – Q-switch delay setting was kept at or below 370µs. 
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Figure 3.2. The change in laser pulse energy and fluctuation with the flashlamp to Q-switch 
delay setting at the fundamental wavelength, 1064nm. 
3.1.1.2. Lifetime decay measurements 
The Fundamentals chapter described the importance of the decay time as an indicator of the 
phosphorescence process. It is therefore important to record reliable decay data for valid 
interpretation. Furthermore, a measurement based on the decay time has the benefit that it can 
be made to be insensitive of surface staining and polluted optics. 
The decay of the emission intensity with time is generally not single exponential, however 
the decay is usually reduced to a mono-exponential function to express the decay time of the 
phosphorescence. The reduction is dependent on the acquisition conditions and receives some 
research attention in the field of phosphor thermometry [177, 178]. Therefore, the 
methodology in the acquisition of the decay data has been considered in some detail and is 
described in the following section. 
 Description of set-up 
A schematic of the set-up is shown in Figure 3.3. The YAG:Nd laser light was directed 
towards the sample using wavelength selective mirrors. The laser passed through a diffractive 
variable attenuator (DVA), a beam splitter and an aperture. The DVA (CLWS300IAE, 
Micron Co.) was used to perform fine control of the laser pulse energy and its function will 
be described in more detail later. The beam splitter extracted approximately one tenth of the 
laser energy and directed this at an energy meter which recorded the energy in each laser 
pulse. The aperture was used to reduce the diameter of the laser spot, if required. 
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Figure 3.3 (left) A schematic of the set-up used showing the OPETS probe targeted at a sample. 
The laser generated phosphorescence in the sample was collected by an optical probe, called 
Optical Energy Transfer System (OPETS), which was custom designed and manufactured by 
Sensor Coating Systems (SCS) [179]. The probe was designed to have a uniform observation 
volume over a wide acceptance angle to collect light and couple it into an optical fibre 
bundle. It is a non-imaging probe, therefore has no focal point, with a relatively large opening 
aperture of 23mm. The probe also contained a high pass filter with a cut-off wavelength of 
405nm to block any stray ultraviolet light. 
The phosphorescence was delivered through the optical fibre bundle to the photo-multiplier 
tube (PMT) with a gate function allowing the unit to be rapidly switched on and off with an 
electrical input signal (H10304, Hamamatsu). A band pass filter was placed in front of the 
photocathode of the PMT to select the wavelength range for investigation. The gated PMT 
converted the phosphorescence light into an electrical signal which was amplified and passed 
to an oscilloscope (DPO3000, Tektronix) where it was digitised and averaged. Further details 
of the digitisation and averaging processes are provided in next section. The resultant signal 
was sent to the computer for data acquisition.  
Certain elements of the setup have an influence over the luminescence measurements, 
including the PMT, the DVA, the neutral density filter and the oscilloscope. These elements 
will be described in more detail in the next section, referring to their effect on the 
phosphorescence detection.  
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 Equipment investigation 
The set-up was designed to make repeatable measurements of the lifetime decay with high 
precision. Particular pieces of equipment in the set-up were instrumental in achieving this 
goal. The operation and purpose of these instruments for the measurement of reliable decay 
times are detailed in the following sections. 
Phosphorescence light detector 
The gated PMT was used to convert the phosphorescence photons into an electrical signal 
which was then digitised using the oscilloscope. PMTs are widely used for the detection of 
phosphorescence decay times because they offer very high sensitivity and frequency 
response. Incident photons are converted into electrons by the photoelectric effect using a 
photocathode. The electrons are accelerated and multiplied through a series of dynodes and 
finally hits the anode, registering a sharp peak in charge which is passed to the electrical 
circuitry. 
The gate function of the PMT means that an input binary signal dictates when the PMT is on 
or off. This capability gives the detector a major benefit for measuring photoluminescent 
decay times because the detector can be switched off during the laser pulse, which otherwise 
causes a dramatic peak in the signal. Although optical filters will reduce the extraneous laser 
light, the filters are not perfect and the laser light is many magnitudes greater than the 
phosphorescence light, so the laser is still observed without a gating function. 
Initially, to detect the decay time, the PMT was switched off for the duration of the laser 
pulse. The laser light, however, still reached the photocathode allowing a build-up of charge, 
so that when the current was reapplied the detector showed a sharp peak at the beginning of 
the decay. This situation was overcome by draining the charge from the photocathode while 
the PMT was switched off. There was a lag time after which the charge, due to the laser, 
dissipated. The minimum lag time was determined to be 4µs by observing the reflection of 
the laser on a black cloth, which shows no fluorescence. This avoided the acquisition of any 
spurious artefacts due to the laser, which have been previously reported to affect the signal 
[123]. 
As stated in Section 3.1.1.1, it was decided to operate the laser at higher pulse energy to 
reduce the energy fluctuation between pulses. Since the intensity of the emission is directly 
related to the excitation intensity, operating at high laser energy will excite intense 
phosphorescent emission. The gated PMT, however, can only be operated with a maximum 
3. Instrumentation  3.1. Luminescence measurements 
 
 88  
 
output signal current of 100µA and has a load resistance of 50, therefore by Ohm‟s law the 
maximum voltage is 5mV. A large number of phosphorescence photons may cause the PMT 
to operate above this limit, unless control measures are employed. Operation above the rated 
limit causes damage to the PMT and distortion of the measured signal. 
The supply voltage to the PMT can be used to control the gain of the detector. Operating the 
PMT at low gain allows the signal amplitude to be kept below the 5mV threshold. However, 
it has been reported that in certain operating conditions the response of the PMT is non-linear 
[178]. The response of the detector was characterised over the full range of gain settings to 
determine the linear response range. 
The experimental setup used is shown in Figure 3.4. The light from a continuous diode 
pumped solid state (DPSS) laser was coupled into the PMT via an integrating sphere. Neutral 
density filters of varying transmission were used to reduce the laser light reaching the PMT 
by a known amount. These filters were placed between the DPSS laser head and the 
integrating sphere at a slight angle to avoid reflection of the laser light back along the same 
optical axis. The internal walls of the integrating sphere are coated to cause total diffuse 
reflection so that the light leaving the exit port is completely diffuse. The sphere was used to 
eliminate the effect of the slight differences in the coupling of the laser onto the PMT 
detection area. 
 
Figure 3.4. The setup used to characterise the output of the Gated PMT 
To test the full dynamic range of the PMT, first the control voltage was set on the PMT 
power supply then the laser power was adjusted to achieve the maximum signal amplitude on 
the PMT before saturation. The laser power was constant for each control voltage setting and 
only the neutral density filters were used to control the light reaching the detector. The signal 
amplitude was recorded before and after a neutral density filter was added. The signal 
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amplitude was checked after each measurement to ensure it returned to the same value to 
avoid any effects of laser power drift. 
Clearly, the linear regime is when the output signal amplitude has a linear response when the 
transmission of the neutral density filter, or input light intensity is varied. The results, shown 
in Figure 3.5, indicate that the gated PMT was approximately linear when the gain setting 
was between 0.6V and the maximum, 0.95V. Below this range, intensity changes in low 
amplitude signals have a far greater effect compared to high amplitude signals. 
There are many factors which can cause non-linearity in PMTs, including those associated 
with the internal power supply and external electronics. The measured linear range was 
similar to the manufacturer‟s recommended control voltage adjustment range which is 0.4V 
to 0.9V. The manufacturer‟s recommendation may be based on the non-linearity either due to 
the PMT itself or the surrounding circuitry. The non-linear behaviour is expected to distort 
the recorded decay curves. Therefore, rather than investigate the source of the non-linearity, 
the gain setting used for all measurements was between 0.6V and 0.9V. This was to adhere to 
the manufacturer‟s recommendation and avoid any non-linearity.  
 
Figure 3.5. The response of the gated PMT over different gain settings. The data are offset from 
each other and have fit lines to improve visibility of trends. 
Neutral density filters 
Since the control voltage of the PMT must be kept above 0.6V, the amplitude of the signal 
must be reduced below the rated limit by another method, to avoid signal distortion and PMT 
damage. Neutral density filters (NDFs) are often used in optical measurements to decrease 
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the light radiation uniformly across the wavelength range of interest. A range of 13 NDFs 
were used which offer different degrees of transmission from 0.01% to 93%. The appropriate 
NDF was placed between the sample and the OPETS probe to reflect and absorb a proportion 
of the phosphorescence light so that the signal was within the rated limit of the gated PMT. 
The NDFs comprise a glass substrate with a thin vacuum deposited coating of nickel 
chromium alloy and they transmit light equally over a wavelength range between 400nm and 
1500nm. 
A phosphorescence decay signal was measured with different NDFs to ensure that the 
addition of the NDF did not distort the signal. The phosphorescence from heat treated 
YSZ:Dy/Eu was recorded using the setup shown in Figure 3.3 where the wavelength of the 
laser light was 355nm. First the signal was recorded without a NDF in place, then the full 
range of available NDFs were added individually and the signal recorded. The results from 
three particular filters are shown in Figure 3.6. If there was no distortion of the signal the 
ratio of the signal with and without a NDF should be a constant value which is the 
transmission fraction of the NDF. This ratio was calculated and is also shown in right plot of 
Figure 3.6. It is shown that there is no distortion of the signal because the ratio of the signals 
are constant values which are approximately equal to the transmission fraction of the NDF. 
The scatter in the ratio value increases as the signal-to-noise ratio decreases in the signals. 
The results demonstrate the validity of using NDFs to control the signal amplitude. 
The small peaks observed at the beginning of all the ratio plots are due to a small degree of 
saturation in the signal without a NDF. This caused a small reduction in the initial signal 
amplitude at the beginning of the decay signal when there was no NDF in place. When the 
NDFs were added this saturation was no longer present because the overall signal amplitude 
had decreased. As a result, there is an apparent increase in the initial signal amplitude relative 
to the remainder of the decay signal. This observation was confirmed by applying the same 
methodology however ensuring there was no saturation of the signal without a NDF. 
Saturation of the signal was avoided in the measurement of the decay times, therefore, it is 
not expected to effect the measured decay times. Furthermore, the duration of the unintended 
saturation is less than 0.05% of the observed signal and the data points in this range are 
ignored in the fitting routine. 
3. Instrumentation  3.1. Luminescence measurements 
 
 91  
 
 
Figure 3.6. (Left) The effect of NDFs on phosphorescence decay signals and (right) the ratio of 
the signal with no NDF to that with the denoted NDF. 
Digitisation 
The analogue-to-digital conversion, provided by the oscilloscope (DPO3000, Tektronix), is 
fixed at 8 bit. The signal amplitude must be controlled to fully utilise the dynamic range of 
the oscilloscope when recording the signal. The NDFs only provide discrete levels of signal 
attenuation giving coarse control of the signal amplitude. A method for fine control was 
required to ensure the signal from a variety of different samples can be digitised with the 
same bit range. When the full dynamic range is not used to record the signal it effectively 
reduces the number of bits used in the conversion which, therefore, reduces the quality of the 
data recorded. A simulation was made to demonstrate the effect of the signal amplitude on 
the decay time. A single exponential decay was generated then sampled with 10000 data 
points at 8 bit precision over a fixed range and time span of 6 times the decay time. The 
sampled decay is then fitted to a single exponential using a Levernburg-Marquart routine to 
determine the decay time. The amplitude of the exponential was reduced then sampled again 
using the same fixed range and fitted again. The result, shown in Figure 3.7, demonstrates 
that the measured decay time changes with the amplitude of the signal. As the signal 
amplitude decreases, in other words the number of bits available for the digitisation 
decreases, the measured decay time deviates further from the actual value. This simulation 
represents a lower bound estimate for error introduced by the digitisation. The effect on real 
signals which do not exhibit purely exponential behaviour is expected to be greater. Clearly, 
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to reduce the error when recording decay signals the amplitude should be consistent across 
samples and should make maximum use of the available bits for digitisation. 
 
Figure 3.7. The result of a simulation to demonstrate how the decay time changes with the 
quality of the sampling. 
The principle of controlling the signal amplitude was developed in discussions with the SCS 
team, in particular Pierre Sollazzo. To the author‟s knowledge, this principle is not widely 
used in the measurement of phosphorescence signals. The importance of controlling the 
signal amplitude has been previously demonstrated by Abderahman Rabhiou, a former 
colleague of the author. He used the gain control of the PMT to maximise the dynamic range 
of the signal [123]. However, it has been shown previously that the linearity of the PMT 
changes with the gain setting which may affect the signal. The approach chosen for this 
research used a DVA to control the excitation laser power while keeping the control voltage 
of the PMT constant. This is discussed in more detail in the following section. 
Diffractive variable attenuator (DVA) 
The emission intensity of the phosphorescence is related to the excitation energy. By this 
principle the laser power can be controlled in order to control the signal amplitude. However, 
the high energy of the YAG:Nd laser and the extremely short duration of the pulse leads to 
very high peak power of the laser pulse. Take, for example, an intermediate value for the 
laser pulse energy shown in Figure 3.2, 300mJ. The pulse power of the laser is the ratio of the 
energy to the pulse duration. For this laser the pulse duration is 6ns, resulting in a power at 
this energy of 50MW. This extremely high power inhibits the use of attenuating material to 
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control the output laser power because the energy must be absorbed resulting in damage to 
the material. 
The DVA works by diffracting the laser light, rather than absorbing it, hence it can be used 
for high energy lasers. The DVA comprises a circular diffractive grating which diffracts the 
laser energy into several diffractive orders which are blocked by a diaphragm. The primary 
beam, therefore, does not change direction but its energy is reduced. The diffractive grating 
changes radially around the circular structure such that the degree of attenuation can be 
changed depending on the degree of rotation. 
The attenuation of the primary beam relative to the degree of rotation of the diffractive 
material was measured and is shown in Figure 3.8. The plot shows that the laser energy is 
reduced approximately linearly by increasing the attenuation setting on the DVA. It also 
shows that the relative reduction of the 532nm light is less than the 355nm. This is because 
the DVA used in this project was designed for 355nm but will, however, attenuate the 532nm 
laser light to a lesser extent. 
 
Figure 3.8. The attenuation of the laser at 355nm and 532nm using the rotation of the diffractive 
medium in the DVA. The values are both normalised to compare the trends of the power 
reduction by the DVA attenuation setting. 
The DVA attenuation setting, or degree of rotation, is manually set to adjust the signal 
amplitude above 98% of the maximum, such that it makes full use of the dynamic range of 
the oscilloscope with minimal saturation. 
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Time observation window 
The previous sections covered the methodology to accurately record a decay signal by 
controlling the amplitude of the signal. It has also been reported that the observation time of 
the decay signal effects the measured decay time [180, 181]. This is particularly relevant for 
decays which are not single exponential. The error introduced is related to the decay time 
using a parameter, β, which is the ratio of the observation time to the decay time. Both 
referenced reports give the optimum value for β as 6 with the error increasing dramatically at 
low β values and minimally at high values. It is, therefore, preferable to exceed this optimum 
value than undershoot it. 
The effect of the β value on the measurement of decay times was measured experimentally 
using the setup shown in Figure 3.3. The duration of the observation window was increased 
but the number of data points remained fixed. As shown in Figure 3.9, the measured decay 
time increased dramatically at low β values. Above a β value of 6 the change in decay time 
decreased.  
 
Figure 3.9. The change in decay time recorded from a YAG:Dy powder sample with the time 
parameter, β. The error bars represent the standard deviation on 30 repeat measurements. 
Although it is possible to fix the β value for each measurement, the decay time needs to be 
known. This is practically challenging since the decay time changes with the β value, 
therefore it is difficult to know which decay time to choose. Therefore, it was chosen to 
maintain the same observation window for all comparable samples so that the settings are 
constant. The observation window was chosen such that β was greater than 6 for all samples, 
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in accordance with the observations reported in the literature and the experimental work 
described above. 
Just as the digitisation of the signal from the PMT is fixed in the voltage axis, so the sampling 
rate is limited in the time axis. The maximum sampling frequency of the oscilloscope is 
2.5GHz which allows a huge number of data points to be recorded for the time scales of the 
decay times considered in this research. For example, at this sampling rate, a decay time of 
10µs can be recorded with 25000 data points. A balance must be reached between adequate 
sampling to accurately record the decay curve and oversampling which significantly 
increases computing time. A simulation was used to investigate the effect of the sampling 
rate on the measured decay time. The simulation was similar to that reported in the 
Diffractive variable attenuator (DVA) section, however, rather than varying the signal 
amplitude the number of points in the simulated exponential were changed. The results, 
plotted in Figure 3.10, show that above a certain number of the data points per decay time, 
approximately 1000, the fitted decay times converge. Therefore, since the observation time is 
at least 6 times the decay time, 9000 samples are used to record the decay resulting in 1500 
samples per decay time, which is denoted on Figure 3.10. This number of samples is used so 
that the sampling rate is sufficient to avoid errors in the decay time. 
 
Figure 3.10. The simulated effect of the sampling rate on the decay time 
Despite measures to reduce the laser pulse energy fluctuation, some variation still remains. 
This causes the phosphorescence intensity to vary. To reduce the effect of this fluctuation the 
oscilloscope is used to perform coherent averaging of the signal, which also improves the 
signal-to-noise ratio, as shown in the left plot of Figure 3.11. This plot shows the signal 
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recorded from a YAG:Dy sample when excited with 355nm laser light using the setup shown 
in Figure 3.3 and the band pass filter was centred at 592nm. The greatest noise is shown for a 
single shot which is one individual decay for a single laser pulse without any averaging. The 
noise reduces as the number of single shots included in the average increases. 
 
Figure 3.11. (Left) The phosphorescence decay measurement of YAG:Dy when excited with 
355nm and different number of individual decays are averaged. (Right) The change in the 
standard deviation of 30 decay time measurements with the number of signal shots included in 
the average for each measurement. 
Although averaging reduces the random noise in the signal, a compromise must be reached 
between the measurement time and noise level. The measurements shown in the right of 
Figure 3.11 were made to find a suitable number of single shots to include in the averaging. 
Thirty repeat signals were recorded and fitted to a single exponential. Each signal comprised 
the average of a number of single shots. This number was increased from 1 to 64 and the 
change in the standard deviation in the measured decay time was recorded. As expected and 
shown in the plot, the standard deviation of the 30 decay times decreased as the number of 
single shots included in the average increased. However, above 10 averaged shots the 
standard deviation only decreases by 0.1% which is considered an insignificant improvement. 
It was therefore chosen to average 10 individual decay curves in the decay time 
measurements, unless otherwise stated. Furthermore, for each measurement 30 repeat 
measurements were used to gauge the repeatability of the measurements, unless otherwise 
stated. 
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 Summary of lifetime decay measurements 
It has been stressed in previous reports that the acquisition and processing of the 
phosphorescence decay data has an effect on the measured decay time [123, 177, 178]. A 
setup and methodology has been developed in this project to ensure reliable and repeatable 
data was recorded. 
Variations in the laser pulse energy cause fluctuations in the observed decay time. The 
variations were limited by operating the laser with a flashlamp – Q-switch delay setting at or 
below 370µs where the standard deviation in the energy of 30 pulses is less than 7%. 
Using the gate function on the PMT, the unit was switched off for the duration of the laser 
pulse so that no artefacts of the reflected laser light were observed in the signal. Therefore, 
the recorded data is purely related to the phosphorescence. 
Several measures were taken to ensure that the PMT was not saturated and was operated 
within a linear regime. The output voltage was kept below 5mV by reducing the signal 
amplitude with neutral density filters and for finer control a DVA was applied to adjust the 
laser pulse energy. When recording the decay signals, the DVA setting was manually 
controlled so that the signal amplitude was between approximately 98% and 100% of the 
dynamic range of the oscilloscope. 
All comparable decay data were recorded using the same digitisation settings. The duration of 
the observation window was kept constant, at least a factor of 6 greater than the measured 
decay times. The sampling rate was also kept constant so that 9000 data points were included 
in the observation time. 
An average of 10 individual phosphorescence decays was included in each measurement 
because this provided a suitable compromise between signal-to-noise ratio and measurement 
duration. 
When using this protocol after disassembly and reassembly of the setup, the difference 
between repeat decay time measurements was less than 1%. 
3.1.1.3. Spectral measurements 
The alternative measurement technique records the emission spectrum rather than the decay 
time. The setup and procedure for this measurement is described in this section. 
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A schematic of the setup is shown in Figure 3.12. The excitation light is directed towards the 
sample as in the lifetime decay measurements. The laser pulse energy is monitored using the 
same configuration and an aperture is used when necessary to reduce the diameter of the 
beam. 
 
Figure 3.12 A schematic of the setup used to record the luminescent emission spectrum of 
samples. 
The difference between this setup and that for the lifetime decay measurements is in the 
collection and recording of the phosphorescence. The emission was collected by a Nikon 
50mm lens with maximum aperture of f/1.8 to maximise the amount of light captured. The 
lens focused the light on the entrance slit of a crossed Czerny-Turner spectrometer (Horiba 
Jobi Yvon MicroHr Automated, f/3.88). A micrometre screw was used to control the width of 
the entrance slit, however the relationship between the micrometre setting and the width of 
the entrance slit was not calibrated. Therefore the term „micrometre setting‟ is used to refer to 
the width of the entrance slit and the spectral line broadening associated with this setting was 
characterised and is described later in this section. 
The spectrometer had a grating with 1200 grooves per millimetre and a mechanical drive that 
enables the wavelength range to be selected electronically using a computer. The 
spectrometer was connected to a linear charge-coupled device (CCD) array (Horiba Jobin 
Yvon Sygnature) which was connected to the computer for data acquisition. The array has 
2048 pixels. The exposure time of the CCD array was programmable and set depending on 
the sample under investigation. A background subtraction was performed in post-processing 
to remove extraneous light from the signal. 
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NDFs were placed between the sample and spectrometer optics in order to keep the 
measurement settings constant while avoiding saturation of the CCD. This approach was used 
so that, when necessary, the recorded intensity could be compared between samples. In 
addition, a 532nm notch filter (86125, Edmund Optics) was placed in between the NDF and 
the optics to reduce the amount of reflected laser light entering the spectrometer. This 
eliminated the bleaching of the pixels surrounding 532nm so that phosphorescence emission 
at wavelengths close to 532nm could be observed. 
 Wavelength calibration check 
Although the spectrometer and CCD are pre-calibrated, the calibration was checked using a 
mercury lamp. The output light from the lamp was focussed onto the entrance slit of the 
spectrometer, when the micrometre setting was 2µm. The full wavelength range was scanned 
and the mercury lines were recorded and compared to the reference values, as shown in 
Figure 3.13. There was very good agreement between the measured and reference peak 
wavelengths, and the maximum difference was 0.3nm. There was also good agreement of the 
relative peak heights. The difference in the measured and reference peak height for 365nm is 
due to the lower sensitivity of the equipment in the ultraviolet range. This range, however, is 
not used for measurements in this research. 
 
Figure 3.13. (Left) The spectrum of a mercury lamp compared to the mercury emission lines 
from a standard reference [182]. (Right) The wavelength of the peak mercury emission lines 
from the reference compared to the measured values. 
 Spectral line broadening 
As explained in the Luminescence theory section (2.1), the host material can cause 
broadening of the emission spectrum. The resolution of the spectral measurements must be 
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able to discern this broadening from that associated with the instrumentation in order to 
observe this effect. 
Line broadening due to the instrumentation can be caused by a number of factors, including 
various forms of aberration, detector pixel size or imperfect focusing. However, the overall 
line broadening is largely related to the entrance slit width because the detector plane is a 
plurality of monochromatic images of the entrance slit. The width of the entrance slit 
provides a balance between signal intensity and spectral line broadening. As the entrance slit 
is increased a greater area of the image is allowed into the spectrometer, increasing the input 
light intensity. A broad slit, however, reduces the spectral resolution of the signal. 
Taking advantage of the narrow wavelength distribution, a diode pumped solid state (DPSS) 
laser operating at 532nm wavelength was used to investigate the line broadening associated 
with the instrumentation for different micrometre screw settings. The laser was directed into 
the entrance of an integrating sphere and the exit was imaged on the spectrometer opening. It 
can be seen in the right plot of Figure 3.14 that as the micrometre setting was increased the 
width of the line function increases. Furthermore, the line profiles are not Gaussian due to the 
contributions from many sources of line broadening.  
 
Figure 3.14. (Left) The spectrum of a 532nm laser with the denoted micrometre settings. (Right) 
The full-width-half-maximum of the peak measurements from the laser compared to the 
entrance slit setting. 
The full-width-half-maximum (FWHM) was determined by fitting the data to a pseudo-Voigt 
function using Matlab, described in more detail in Section 3.4.1.1. The results, shown in the 
right plot of Figure 3.14 indicate that the broadening of the spectral lines increases linearly 
with the micrometre setting. The chosen setting was, therefore, the minimum possible while 
maintaining an adequate signal-to-noise level. The setting did not exceed 20µm so that the 
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FWHM was below 1nm, which is well below the broadening expected for variations in the 
crystal field of the host material.  
3.1.1.4. Imaging 
The instrumentation described in this section was unlike the previous two systems used for 
lifetime decay and spectral measurements because the excitation was not achieved with a 
laser but a divergent light source. This instrumentation was designed to record an image of 
the phosphorescence of a coating which was under excitation. It was used to detect the 
erosion of the coatings as described in the Erosion detection chapter. 
The setup is illustrated in Figure 3.15. The output from a 200W mercury-xenon (Hg-Xe) arc 
lamp (6292, Newport) was coupled into a liquid light guide (77628, Newport). The output of 
the light guide was filtered through a band pass filter in the ultraviolet range. The Hg-Xe arc 
lamp has a broad spectrum with a high intensity in the ultraviolet range. The filtered 
excitation light was then directed towards the sample using a dichroic mirror which reflects 
UV light but transmits visible, the cut-off wavelength was 410nm. The excitation light 
illuminated the sample, generating phosphorescence in the visible range. The 
phosphorescence light then passed through the dichroic mirror and a variable focus objective 
was used to image the sample surface onto a colour CCD camera (Basler Vision 
Technologies). The exposure time and colour balance were controllable through the 
commercial software interface. The images collected by the camera were sent to the computer 
for data acquisition.  
 
Figure 3.15. A schematic of the phosphorescence imaging system 
3. Instrumentation  3.1. Luminescence measurements 
 
 102  
 
The distance between the dichroic mirror and sample is variable. Two approaches are used 
which are termed macro-imaging and sample imaging. The term macro-imaging refers to 
close-up photography to produce enlarged images of the subject. For macro-imaging in this 
project, extension rings are placed between the camera and objective to achieve close up 
images approximately 11mm by 8mm. In sample imaging the captured image area was 
increased to approximately 60mm by 45mm. In the latter case a lens is placed after the band 
pass UV filter to reduce the divergence of the excitation light so that the majority of the light 
was incident on the sample surface. 
The excitation light was designed to be uniform across the surface of a 30mm diameter 
circular shaped erosion sensor coating sample. The uniformity of the illumination was 
characterised by placing fluorescent white card at the same distance from the imaging system 
as a sample would be. The white balance of the camera, which designates the gain applied to 
the different colour pixels (red, green and blue), was set under ambient lighting of the white 
card. The fluorescence was recorded three times for the same card. This process was repeated 
for five different cards to avoid any non-uniformity in the cards. The images were processed 
by first separating the red, green and blue components. The mean was then calculated for 
each colour in the three images on the same card. Finally, the average was then computed for 
the mean images for the five different cards. The fluorescent spectrum of the card was not 
known so the sum of all the pixels was normalised and the resultant image, shown in Figure 
3.16, reflects the uniformity of the excitation light on the sample. The image shows that there 
is a central circle, approximately 35mm in diameter, within which the excitation light was 
above 80% of the maximum. This region covers the area of the samples used in the erosion 
detection investigation in this project. The profile of the vertical section is not symmetrical. 
This may be due to slight aberrations introduced by the lenses.  
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Figure 3.16. The image showing the uniformity of the light source and sections through the 
centre of the image 
3.2. Coating testing 
For sensing by photoluminescence to be truly non-destructive the addition of the dopants 
must not be detrimental to the performance of the TBCs. Testing of the modified coatings 
was conducted in parallel to reference standard coatings to investigate the effect the dopants 
had on the primary function of the coatings. The erosion resistance and durability to thermal 
exposure were both tested and a comparison was made between the sensor and standard 
coatings. Two different rigs were used, one rig exposed the coatings to high velocity particles 
to induce erosion, the other subjected the coating to repeated thermal cycling using an oxy-
fuel flame. Both rigs are described in this section. 
3.2.1. Erosion rig 
The erosion of the coatings fulfilled two purposes. The first was to measure the erosion 
resistance of the sensor coatings against standard coatings. The second was to cause surface 
damage to the coatings which could then be used to investigate the erosion detection 
capability of the sensor coatings. 
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The erosion of the coatings was conducted on a specifically designed erosion rig at Cranfield 
University. The rig is designed to produce erosion conditions which are similar to those 
found in an aeroengine by using a low volume fraction of particulates in the air flow. A full 
description is provided elsewhere [183] however a brief working description is provided here 
to outline how it operates. 
A schematic of the rig is shown in Figure 3.17. A compressor feeds a pressure vessel to 
ensure a constant air pressure is supplied to the heating system. The air is accelerated through 
a tube and supplied with alumina particles, 90-125µm in diameter, from a screw feeder 
through a venturi nozzle at a feed rate of 0.5g/min. The particles are accelerated to 
approximately 100m/s in the air flow before they impact on the sample in the specimen 
chamber. The samples are held on a carousel which can hold up to six specimens and rotate 
to expose each to the particle jet. It is also possible to control the angle of the sample surface 
with respect to the air flow. In this project the jet was at a perpendicular angle of attack such 
that the conditions replicated previously reported erosion work on TBCs [183, 184]. The 
standoff distance between the tube and the specimen is 40mm. 
 
Figure 3.17. A schematic of the erosion rig, redrawn after [183]. 
3.2.2. Thermal gradient cyclic rig 
There are two main methods used to test the durability of TBCs to thermal exposure. The 
coating samples are either repeatedly heated in isothermal or in thermal gradient conditions. 
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In both cases the coating samples are cycled between heating and cooling conditions to 
induce the stresses that would be experienced in service due to thermal expansion 
mismatches between the substrate and coating. 
Isothermal cyclic testing is relatively widespread because the testing is relatively simple and 
easily controlled. Samples are typically inserted and removed from a furnace in one hour 
intervals [21, 32, 185, 186]. The disadvantage with this form of testing is there is a limitation 
on the test temperature due to the metallic substrate and bond coat. At temperatures above 
1150°C the bond coat begins to oxidise rapidly causing premature failure, without fully 
testing the ceramic material [187]. As a result the test temperatures are usually below this 
value. It is possible to overcome this by using a ceramic substrate, typically sapphire. 
However, the thermal expansion mismatch between a sapphire substrate and a YSZ TBC is 
the opposite to that of a nickel alloy substrate which may cause a change in the failure 
mechanism [33]. 
Another means to overcome the temperature limitation of the bond coat and substrate is to 
actively cool them. This approach is applied in thermal gradient testing. The coated surface of 
the sample is directly heated while the back surface is cooled. As a result the ceramic 
material can be heated to extreme temperatures, above 1200°C, while the bond coat and 
substrate remain below the critical 1150°C. The thermal gradient cyclic rig presented here is 
based on a similar rig described in [188] and is one of only a handful of its type in Europe 
[26] and was designed to test the stability of TBCs under repeated thermal cyclic to induce 
thermal fatigue failures similar to those found during service in an engine. Depending on the 
sample architecture the surface temperature of the coating can be up to 1450°C to perform 
accelerated failure testing of TBCs. The details of the rig are described in the following 
section. 
3.2.2.1. Rig features and operation 
The samples comprise a TBC deposited onto one side of 30mm diameter nickel based 
superalloy discs of specific geometry. The sample is held at the outer edge via a notch 
machined into the substrate. This periphery ensures minimal contact between the sample and 
holder to reduce any thermal conduction between the two elements and minimise and 
mechanical stress imposed on the sample. 
During testing the 30mm diameter disc sample is cycled between a heating and cooling 
phase. In the heating phase the coated side of the sample is exposed to an oxy-fuel flame 
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while the uncoated back face is cooled with compressed air, a photograph of the rig during 
testing in the heating phase is shown in Figure 3.18. The flame is generated by a burner 
which is supplied separately with oxygen and methane from compressed gas cylinders. 
Pressure regulators and rotameters are used to monitor and control the flow of each gas thus 
controlling the temperature. The cooling air is directed at the sample through a nozzle and is 
supplied from a compressed air line which is approximately at room temperature. A pressure 
regulator and digital pressure gauge are used in the cooling air line to monitor and control the 
pressure which is also used to control the temperature. In the cooling phase the flame on the 
coated face is replaced by a jet of cooling air directed through a nozzle. 
 
Figure 3.18. An annotated photograph of the thermal gradient test rig during the heating phase. 
The temperature of the sample is continuously recorded throughout testing in both phases of 
the cycles. The temperature of the substrate is measured using a 1mm diameter K-type 
thermocouple (405-321, Inconel 600 sheath, TC Direct) inserted into a 1.1mm diameter hole 
which penetrates to the centre of the sample in the radial direction of the disc. The surface 
temperature of the coating is measured using a pyrometer which operates in the spectral range 
between 9.6µm and 11.5µm. This long wavelength sensitivity ensures that it is the surface 
temperature that is recorded as the TBC is opaque in this range [154]. The temperature 
conditions are set using needle valves to control the flow of the fuel and oxygen gases at the 
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beginning of each test regime. Once set, the conditions are very stable between cycles and the 
temperature is checked regularly during the test to avoid drift. 
The rig is automatically controlled to operate continuously. The cycle timing is electronically 
controlled and programmable. The burners are fixed onto a pneumatic piston which is 
translated to switch between the heating and cooling phases of each cycle. 
3.2.2.2. Emissivity of samples 
The total energy flux, j, emitted from a material at temperature T is given by the Stefan-
Boltzmann law, provided in Equation 3.1, where σ is the constant of proportionality and ε is 
the emissivity. The law shows that the emitted energy of a material is proportional to its 
emissivity. This quantity can be considered as the ability of the material to emit energy by 
radiation and materials have a value between 0 and 1 where 1 is the emissivity of a perfect 
black body. The emissivity of a material significantly affects the temperature measurement 
because the pyrometer measures the temperature of the material by recording its radiation. 
The emissivity is also dependent on the wavelength of the radiation, the temperature of the 
material and its surface finish. 
        Equation 3.1 
The emissivity of the coatings tested on the rig was measured to indicate its effect on the 
temperature measurement. Emissivity can change with temperature, therefore, ideally the 
measurement should be made as close as possible to the test temperature. In principle this 
could be done by heating the coating without applying cooling air to avoid a temperature 
gradient and the pyrometer could be calibrated against the thermocouple embedded in the 
substrate. However, when the test temperature exceeds approximately 1000°C, cooling air is 
required to avoid damage to the substrate metal, the sample holder and the rig structure. The 
emissivity measurements were, therefore, conducted at lower temperatures using a heating 
plate to heat the sample. The sample, placed on the centre of the heating plate, was positioned 
at the same angle and distance from the pyrometer as when operated on the rig. The 
pyrometer was directed at the centre of the coating surface and a thermocouple was 
embedded in the hole in the substrate. The temperature was monitored from both the 
pyrometer and the thermocouple. Assuming the temperature was constant throughout the 
sample the emissivity setting of the pyrometer was altered until the temperature reading from 
pyrometer matched the thermocouple. When the difference was approximately zero, the 
emissivity setting of the pyrometer was taken to represent that of the sample.  
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An example temperature trace for one emissivity measurement is given in Figure 3.19. In this 
case the sample temperature was between 255°C and 275°C on the heating plate, therefore, 
the emissivity measurement was made at this temperature range. The figure shows the 
temperature recorded from the pyrometer and thermocouple as the sample was heated on the 
plate. The difference between the temperature measurements is also plotted to show how the 
emissivity setting was used to match the two temperature measurements. The difference was 
at zero when the emissivity setting was 0.93, therefore this is the measured emissivity of the 
coating. 
 
Figure 3.19. A plot showing the temperature recorded by the thermocouple inserted into the 
substrate, the pyrometer observing the coating surface and the difference between the two. The 
different emissivity settings are shown to indicate how the target setting is iteratively achieved. 
The sinusoidal shape of the temperature trace of both the pyrometer and the thermocouple 
shows the pulsing heating action of the plate. An important observation is the lack of phase 
difference between the pyrometer and thermocouple. This indicates that the assumption that 
the coating and substrate are at the same temperature is valid because changes in the heating 
of the sample are reflected in the coating and substrate at the same time.  
The emissivity of the samples can change during testing due to microstructural changes in the 
coating or oxidation. The changes in the wavelength range monitored by the pyrometer are, 
however, expected to be minimal [189]. The emissivity setting was kept at 1 throughout, as 
such the surface temperature will be underestimated. If necessary the temperature can be later 
3. Instrumentation  3.2. Coating testing 
 
 109  
 
corrected by calibrating the recorded temperature change with a change in the emissivity at 
the test temperature. To approximate the underestimation of the temperature, the emissivity 
was changed from 1 to 0.93 while the temperature of the sample was kept constant at two 
different temperatures 764°C and 1310°C. The increase in the recorded temperature was 
41°C and 80°C respectively. 
3.2.2.3. Bond coat interface temperature calculation 
The temperature of the surface of the coating and the substrate was measured using the 
pyrometer and embedded thermocouple respectively. However, it is the temperature at the 
TBC/bond coat interface that is critical to the operating life. As described in more detail in 
Section 1.2, the oxidation at this interface is primarily associated with the failure of the 
coating system. It was important, therefore, to set the test conditions by considering the 
temperature at the interface. This was done by considering the heat transfer through the 
sample as one-dimensional conduction, as shown in Figure 3.20.  
 
Figure 3.20. A schematic of the heat conduction through the coating sample 
Assuming steady state conditions and one-dimensional heat transfer purely by conduction, 
the heat flux, q, through each medium in the system can be described using Fourier's law of 
heat conduction, given in Equation 3.2, where k is the thermal conductivity of the medium, 
dT is the temperature change and dx is the thickness of the medium.  
 
    
  
  
          
     
        
 Equation 3.2 
The heat flux through the entire coating is constant and can be calculated using the set surface 
temperature, T1, the required interface temperature, T2, the known coating thickness, tcoating, 
and a set thermal conductivity of the TBC, kcoating. Once the heat flux is known, the required 
thermocouple temperature can be calculated by rearranging Equation 3.2 to give Equation 3.3 
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and substituting in the relevant values for the thickness and thermal conductivity of the 
substrate, tsubstrate and ksubstrate respectively. 
 
      
            
          
 Equation 3.3 
The value for heat conductivity for the TBC and substrate were taken from the literature and 
were 1.65 W/mK [190] (for EBPVD TBCs) and 30 W/mK [191] respectively.  
3.3. Isothermal heat treatment 
While the coatings were tested under thermal gradient conditions, isothermal heat treatments 
were conducted to investigate the thermal history effect. Two different furnaces were used to 
provide controlled and measured heat treatment of the phosphor materials. A tube furnace 
was typically used for the lower temperature range and a box furnace was used for higher 
temperature treatments. 
3.3.1. Tube furnace 
The maximum operating temperature of the tube furnace (Elite THS12) was 1150°C for 
prolonged periods, therefore, it was used for the heat treatment of samples up to this 
temperature. The furnace was calibrated by placing a thermocouple alongside the control 
thermocouple and a thermocouple in the centre of the tube. The set temperature of the furnace 
was altered over the full temperature range and the resultant temperature in the tube was 
recorded. The results plotted in Figure 3.21 show that there was a linear difference between 
the furnace set temperature and the temperature in the tube. This relationship was used to 
control the furnace to ensure that the heat treatment temperature was accurate. In addition, 
when the samples were inserted into the furnace, a thermocouple was placed alongside the 
sample. The temperature of the sample was monitored using this thermocouple and the timer 
was started once the temperature exceeded 98% of the target value. This was to ensure that 
the temperature was approximately constant during the heat treatment procedure. Once the 
desired duration had elapsed, the sample and thermocouple were removed rapidly and 
allowed to cool in air. The typical heating and cooling times were 10-15 minutes and 5-10 
minutes respectively. 
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Figure 3.21. The results of the furnace calibration showing the linear fit equation relating the 
target sample temperature to the required set temperature. 
3.3.2. Box furnace 
The box furnace (Elite BRF 17) has a maximum operating temperature of 1700°C, therefore 
it was used when higher temperatures were required. The furnace is fitted with an optical 
access port which is used for phosphor thermometry calibration. To avoid thermal shock on 
the exposed elements of the furnace, the optical port was used to insert the samples into the 
furnace. An alumina tube was placed in the hole and allowed to reach thermal equilibrium 
with the furnace. The sample was slid inside the alumina tube, along with a thermocouple, 
until they reached approximately the centre of the furnace. The temperature of the sample 
was monitored and the same procedure was employed as described for the tube furnace. 
3.4. Materials characterisation methods 
After isothermal heat treatment, the materials were analysed using two standard materials 
characterisation methods to relate changes in the material to thermal exposure. The structure 
of the materials was investigated using x-ray diffraction and the presence of residual 
precursors in synthesized materials was detected using Fourier transform infra-red 
spectroscopy. The two techniques are briefly described in this section, along with how they 
were used. 
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3.4.1. X-ray Diffraction (XRD) 
XRD is a commonly used non-destructive materials characterisation technique, many 
thorough reviews are available in the literature, one example is reference [192]. The principle 
has been employed for many years to analyse crystal structures and relies on the scattering of 
x-ray radiation. The x-rays are directed towards the sample of interest where the electrons of 
the sample material cause elastic scattering of the incident x-ray waves. 
 
Figure 3.22. The scattering of x-rays from a crystalline material to cause constructive 
interference. 
In a crystalline material the atoms are structured in a pattern so that the scattered waves are 
also in a regular pattern. The scattered waves interfere with each other, as shown in Figure 
3.22, such that at specific angles constructive interference causes local peaks in the scattered 
x-ray intensity, as described by Bragg‟s law given in Equation 3.4. It can be seen that for a 
given x-ray wavelength, λ, and crystal d-spacing, constructive interference will occur at 
defined angles, where the distance 2dsinθ is equal to an integer multiple of the wavelength.  
           Equation 3.4 
A typical XRD configuration comprises an x-ray source and detector which rotate through a 
range of angles with respect to a static sample. This is the configuration of the machine used 
in this research (D2 Phaser, Bruker). The detector records the scattered x-rays relative to the 
scan angle and the result is called a diffraction pattern. This shows distinct peaks at the angles 
where constructive interference occurs. In this configuration, however, only crystallographic 
planes which are parallel to the scan axis will cause interference. Therefore, the most 
favourable sample to determine the crystal structure of a material is a crystalline powder. In 
this case, it can be assumed that the grains have random orientation so that all of the 
crystallographic planes will be detected because there will always be some planes parallel to 
the beam. The diffraction pattern will then be formed of a series of peaks which relate to the 
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different d-spacings in the crystal structure and can be compared to a reference to determine 
the structure of the material. 
XRD analysis can be used to identify whether the material is amorphous, crystalline or a 
mixture of the two. The random arrangement of the atoms in an amorphous material means 
there is no regularity in the d-spacing and, as such no parallel planes to cause interference of 
the scattered x-ray radiation. As a result, there are no defined peaks in the XRD pattern of an 
amorphous material but rather a broad „hump‟. When both crystalline and amorphous phases 
are present the contribution of the amorphous phase to the signal can be extracted. The 
relative intensity of the amorphous signal compared to the crystalline signal gives an 
indication of the fraction of amorphous material. Hence, it is possible to observe the 
crystallisation transformation in the diffraction pattern of the material. 
3.4.1.1. Crystallite size analysis 
The growth of the crystallites can also be observed using the diffraction data. When the 
crystals in the material are large there are a large number of parallel atomic planes to cause 
diffraction. The greater degree of interference between the diffracted waves will cause more 
defined peaks at specific angles. Conversely, as the crystal size reduces fewer parallel planes 
increase the width of the diffracted peaks. This is the principle underlying the Scherrer 
equation. It was originally devised by Paul Scherrer in 1918 [193] and is provided in 
Equation 3.5. The crystallite size, D, is related to the full-width-half-maximum of the 
diffraction peak, B, in radians. The terms of the equation are K, a numerical factor frequently 
called the crystallite-shape factor, λ, the x-ray wavelength, and θ, the Bragg angle.  
 
  
  
      
 Equation 3.5 
The equation has become widely used to estimate the crystallite size using the diffraction 
pattern from a material. The value of K may change according to the crystallite shape and the 
definition of average crystallite size, however, in the absence of detailed shape information a 
value of 0.9 is a good approximation [194]. The theory was used in this project to estimate 
the crystallite size of the phosphor powders. 
The FWHM of the chosen diffraction peak, Bhkl in Equation 3.5, must be determined in order 
to use this equation. The most intense peak was chosen for the analysis to ensure the greatest 
signal-to-noise ratio. Although the FWHM can be numerically determined directly from the 
measured data, the accuracy is limited by the number of data points. To enable interpolation 
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between data points, the diffraction data were fit to a pseudo-Voigt function. This function is 
used to fit diffraction data and is a sum of Gaussian and Lorentzian functions [195]. 
Broadening effects, related to both the instrument and sample under investigation, cause the 
diffraction peaks to have Gaussian and Lorentzian type distributions rather than a single delta 
function. The measured broadening is a combination of all the causes, one example being the 
finite size of the sample, meaning it is not perfectly located at the centre of the diffractometer. 
The combination can be described by the Voigt function which is a convolution of Gaussian 
and Lorentzian distributions. However, the linear mixing approximation of the pseudo-Voigt 
function is more commonly used because it is computationally simpler and has been shown to 
provide results which are accurate to within 1% of the Voigt function [196]. In this project, a 
least-squares fitting routine was applied with Matlab software to fit the measured line 
broadening to a pseudo-Voigt function using the method reported by Thompson et al. [195]. 
In this method the FWHM of the Lorentzian and Gaussian components are used as fitting 
variables. In agreement with the reference, the fitting routine was more efficient and robust 
using this method compared to using the overall FWHM and the mixing fraction between the 
two functions as fitting variables. 
First, the data around the selected peak were isolated. Then these data were normalised and 
fit to retrieve the pseudo-Voigt function. Once complete, the FWHM of the function was 
determined using the same approach as described by Thompson et al. [195]. An example 
analysis of the XRD pattern from a YAG:Eu sample heat treated at 1000°C for 30 minutes is 
shown in Figure 3.23. Peak data was selected from the complete pattern and is shown in the 
inset with the pseudo-Voigt fit function. Also the Gaussian and Lorentzian components are 
plotted to visualise how they combine to form an accurate description of the measured peak 
data. 
The peak broadening is due to both the sample and the instrumentation, therefore the FWHM 
value includes contributions from the instrumentation which need to be removed before the 
crystallite size can be determined. The term B in Equation 3.5 is the sum of the FWHM due 
to the instrumentation, Binst, and the sample Bsamp. The value of Binst can be determined by 
recording a diffraction pattern from a sample considered to have infinitely large crystallites. 
The sample used by the author was a polycrystalline silicon disc with crystallites in the 
millimetre range. The upper limit of the applicability of the Scherrer equation depends on the 
Binst value. As a rule of thumb typically the Bsamp should be at least twice the Binst value to 
achieve high accuracy of the crystallite size. This limits the maximum measureable crystallite 
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size to below 100-200nm depending on the conditions [194]. Repeat measurements 
conducted in this project on the same samples were within 2% when the data were within the 
defined maximum measureable crystallite limits. 
 
Figure 3.23. The diffraction pattern from YAG:Eu powder showing the selected data to perform 
the peak analysis (inset). The peak data are plotted with the fitted pseudo-Voigt function. The 
Lorentzian and Gaussian components of the fitted function are also shown. 
3.4.1.2. Lattice strain effect 
The samples used for the thermal history investigation were rapidly cooled which may cause 
residual strain in the lattice. Strain in the lattice is a source of line broadening in XRD as well 
as crystallite size. To ensure that strain does not affect the results of the crystallite size 
calculation its effect on the peak broadening should be considered in the analysis of the 
diffraction patterns. 
Compression and tension alters the d-spacings of the lattice, either reducing or increasing 
them respectively. Uniform strain causes a shift in the Bragg angle of the diffraction peaks 
due to the common alteration in the d-spacings. However, a combination of compression and 
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tension causes both positive and negative shifts to the diffraction peaks, resulting in line 
broadening. The internal strain, ε, can be related to the FWHM, B, of the diffraction peak 
using Equation 3.6 [197]. 
          Equation 3.6 
When both size and strain broadening are present, a simple method can be used to 
differentiate the contributions from each. This method assumes the effect of size and strain 
broadening are additive so that the total FWHM, BT, is the sum of the FWHM due to size, 
Bsize, and strain Bstrain [198]. Hence, Equation 3.5 and Equation 3.6 can be rearranged to give 
Equation 3.7. 
 
                         
  
      
 Equation 3.7 
Multiplying Equation 3.7 by cosθ gives the linear relation provided in Equation 3.8. 
Therefore, if the line broadening, BT, is determined over a range of angles then BT cosθ can be 
plotted against sinθ to produce a linear relationship where the gradient gives the strain and 
the intercept gives Kλ/D, this plot is termed the Williamson-Hall plot. 
 
               
  
 
 Equation 3.8 
This method has been used to compare similar phosphor materials to that used in this 
research [199]. It was applied in this research by determining the FWHM of the diffraction 
peaks using the method described in the previous subsection on crystallite size analysis. To 
achieve a reliable fit of Equation 3.8 to the measured data it is necessary to have an 
appreciable number of peaks across a wide angular range. The results provided by this 
method are useful to provide a comparison of crystallite size and strain in the same material 
which has undergone different processing, which is the way it is applied in this project. 
3.4.1.3. Rietveld refinement 
A complex process for the analysis of XRD data was devised by Hugo Reitveld [200]. The 
method uses a least-squares approach to refine a calculated diffraction pattern to the 
measured pattern to provide a detailed description of the crystal structure of the material 
under investigation. In this project, the refinement was conducted using FullProf software to 
ascertain the effect of dopant ions on the crystal structure of YSZ, covered in Section 5.1.2. A 
description of the unit cell was provided for the material under investigation. This enables a 
theoretical diffraction pattern to be calculated. The difference between the measured and 
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calculated pattern is minimised to refine the unit cell description. More complete descriptions 
of the Rietveld method are provided elsewhere, for example [201].  
3.4.2. Fourier transform infrared spectroscopy (FTIR) 
FTIR is a standard method for materials characterisation and a thorough explanation is 
provided in reference [202]. The method detects the vibrational frequencies of the bonding 
between the atoms within the sample. Since the bonding is characteristic of the atomic 
composition, it can be used to identify materials. Furthermore, the vibrational frequencies 
represent the available phonon energies within the material. This aspect of the method is used 
in this project, particularly to detect the high energy phonons due to bonding with residual 
precursors from the synthesis process which can efficiently quench luminescence. 
When illuminated with infrared light, the energy corresponding to the frequencies of 
vibrations between the bonds of the atoms may be absorbed by conversion into vibrational 
energy. Accordingly, the infrared absorption spectrum of a material indicates the atomic 
vibrational frequencies. The absorption spectrum can be formed by illuminating the material 
with a monochromatic light source and observing the absorption, then repeating this process 
for a range of different wavelengths. In FTIR, however, a broad band light source is used to 
collect the absorption for a range of frequencies. The equipment is based on a Michelson 
interferometer whereby the light is split into two paths, one of fixed length and another of 
adjustable length. When the light is recombined there is constructive and destructive 
interference. By altering the length of the adjustable path the frequency components of the 
combined light beam are changed. The absorption of light is recorded for all the different 
frequencies and converted into wavenumbers using the Fourier transform. Usually a 
background signal is recorded to account for the instrumental absorption. Then the ratio of 
the sample signal to the background signal gives the percentage of transmittance of the 
sample with respect to wavenumber, which is the typical output of the measurement. 
In this project, a Nicolet iS10 spectrometer was used to measure the absorption spectrum 
between 400cm
-1
 and 4000cm
-1
 (25µm to 2.5µm). Applied in attenuated total reflectance 
(ATR) mode, the infrared light is reflected within a crystal of a high refractive index which is 
in intimate contact with the sample material. The internal reflectance causes an evanescent 
wave which protrudes a few microns into the sample material. For wavelengths at which the 
sample material absorbs energy, the evanescent wave will be attenuated or altered. This is 
then detected once the light has passed through the crystal. The low penetration depth of the 
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evanescent wave means that it is important to ensure good contact between the sample 
material and the crystal, as such a clamp with a slip-clutch was used to ensure sufficient, 
repeatable contact. The result gives a qualitative measure of the phonon energies in the 
material. 
3.5. Instrumentation conclusions 
The different systems used to excite and record the phosphorescence were characterised and 
as a result a set of operating guidelines were established. When making point measurements, 
the laser was operated at low flashlamp – Q-switch delay times to reduce the energy 
variations between pulses. The high laser power was reduced and controlled using the DVA.  
For lifetime decay measurements, the PMT was operated with a control voltage greater than 
0.6V and the signal amplitude was reduced using neutral density filters to avoid saturation 
and distortion of the signal. The observation window was kept constant for all comparable 
samples. When these guidelines are employed repeat measurements were within 1% of each 
other. 
For spectral measurements the micrometre setting which controls the width of the entrance 
slit was kept below 20µm to ensure the spectral line broadening was below 1nm. The 
exposure time of the CCD was also controlled to improve the signal-to-noise ratio. A 
background subtraction was used in post-processing to remove extraneous light from the 
signal. 
The setup used to record the phosphorescence images of the erosion indicating coatings has 
been explained. The setup can be altered to either image the entire sample coating or only a 
sub-section of the coating. The illumination across the sample surface was shown to be 
uniform. The methodology developed to use the setup to record and analyse the images will 
be described in the Erosion detection chapter. 
The methodology behind the testing, treatment and characterisation of the samples has been 
reviewed. The destructive testing has been described including its function within this thesis 
on non-destructive evaluation. The analysis of these tests will be detailed where appropriate 
in the following chapters. The furnaces used for the heat treatment of the samples have been 
characterised to ensure controlled and accurate thermal exposure was achieved. Finally, the 
standard materials characterisation techniques have been described that were used to 
investigate the condition of the materials. In the next chapters, the results from these 
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techniques will be compared to the luminescence properties to draw conclusions about how 
the state of the material affects the luminescence. 
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4. EROSION DETECTION 
This chapter describes the first quantitative study of erosion detection in TBCs using 
photoluminescence. The section first describes the design of the coatings for erosion 
detection while also considering their durability. The production of the coating samples is 
then covered showing results verifying that the designed structure was achieved. Next is a 
description of the coating testing in comparison to reference coatings. Thermal cycling and 
erosion tests were carried out to ensure that the introduction of dopant layers did not impair 
the performance of the coatings. Finally a thorough investigation of the erosion detection 
capability of the coatings is described. This latter part of the section introduces two 
approaches for the erosion detection. One considers the presence of the dopant layers to 
provide a rapid method for detection of the eroded area. The other analyses the intensity data 
in the phosphorescence images to reconstruct a three-dimensional profile of the eroded 
surface on a micrometre scale. The image processing algorithms to perform both analyses are 
methodically presented and are applied to images of either sub-sections of the samples or the 
complete sample surface. The resulting erosion profiles from the processing algorithms are 
compared to other profiling methods to validate the phosphorescence imaging technique.  
4.1. Coating design 
For the introduction of doped layers to be a viable technique for erosion detection the doped 
coatings must have similar durability to those currently in industrial use. Therefore both the 
durability of the coating and its use as a sensor needed to be considered.  
4.1.1. Materials selection 
The first subject that needs to be considered for the erosion coating system is the materials 
selection for the coating. In this case the viable materials options are strictly dictated not only 
by the luminescent sensor application but by the need to provide the same if not improved 
thermal protection and operation life relative to existing TBC systems. As such materials 
selection criteria have been identified as follows:  
• The coating must provide at least the same thermal protection as the existing system. 
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• Each separate layer must emit a distinctly different spectrum so the layers can be clearly 
identified. 
• For ease of detection it is desirable for the phosphorescent emission to be of sufficient 
intensity at room temperature. 
• The excitation wavelength should preferably be the same for all sensor layers to reduce 
the complexity of the instrumentation and should efficiently generate phosphorescence in 
the doped layers to give good signal-to-noise ratio. Also, it should be significantly 
different to the phosphorescence wavelengths to enable spectral filtering. 
• The different layers should mainly be composed of the same host material, to reduce any 
mismatch in material properties. 
• Preferably the material should be commonly used in industry for greater commercial 
acceptance. 
The coating material comprises the host and the dopant ion. Both affect the properties of the 
coatings and each will be considered in turn according to the selection criteria listed above. 
4.1.1.1. Host selection 
The physical properties of the coating, for example thermal conductivity and modulus, are 
dictated by the host material due to the dopant concentration being of the order of a percent. 
The primary function of the host material for the erosion application is to ensure the sensor 
coating retains the same thermal protection offered by standard YSZ coatings. 
A database was formed of materials which had previously been investigated by members of 
SCS and from literature sources. Several materials in the database which indicated promise 
for the erosion detection application are briefly reviewed for the purpose of the material 
selection. 
Rare-earth zirconate pyrochlores (RE2Zr2O7) where RE includes Gd, Sm, La, have been 
investigated for decreasing the thermal conductivity of TBCs [203]. It has been reported that 
these materials have lower thermal conductivity of 1.6Wm
-1
K
-1
 compared to 2.3Wm
-1
K
-1
 for 
YSZ [18]. These materials have also been investigated for phosphor thermometry of TBCs 
using either the intrinsic rare earth or an added rare earth to produce the phosphorescence 
[204, 205]. The pyrochlores were identified as emerging materials for thermal barrier 
coatings in 2004 due to promise of lower thermal conductivity [206] however, their lower 
thermal expansion coefficient 9×10
-6
 K
-1
 compared to 10-11×10
-6
 K
-1
 for YSZ is thought to 
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contribute to the lower lifetime of these materials as sole TBC ceramics [207], as well as their 
lower toughness. 
Another possible material is yttrium aluminium garnet (YAG – Y3Al5O12). Garnet structures 
have promising properties for TBC applications. The thermal conductivity of the bulk 
material is in the same range as YSZ (2.4-3.2 Wm
-1
K
-1
) but the oxygen diffusivity is 10 
orders of magnitude smaller [208]. For this reason, they have been investigated to improve 
the oxidation resistance of the TBC system by the introduction of a YAG surface layer to 
reduce oxygen diffusion into the coating [209]. Furthermore, when doped with rare-earth 
materials, YAG is known to produce bright luminescence demonstrated by its wide 
application in solid state lasers and LED lighting [210, 211]. However, similar to the 
pyrochlore structures, its durability as a sole TBC ceramic appears to be limited by its lower 
thermal expansion coefficient (~8×10
−6
 K
−1
) compared to YSZ [212]. 
The favourable properties of YSZ for TBC applications mean that it has been widely used in 
industry for decades. The combination of relatively low thermal conductivity and high 
thermal expansion coefficient results in a material which has not yet been surpassed in 
industrial acceptance. Although not generally used in lasers or lighting, it has been doped 
with a variety of rare-earth ions to produce phosphorescence at a range of wavelengths for 
phosphorescence sensing in TBCs [159, 213, 214]. 
After the review of the possible materials, YSZ was selected as the host material. This was to 
develop the erosion sensor coating in line with the current state of the art coatings. Although 
the pyrochlore and garnet materials have potential benefits, YSZ is the accepted industry 
standard for TBCs. Therefore with this as the host material, the erosion sensor coatings are 
expected to be regarded as closer to industrial acceptance. 
4.1.1.2. Dopant selection 
The dopant ion dictates the phosphorescence properties. Due to its low concentration, 
typically below 5wt.%, it is not expected to dramatically affect the physical performance of 
the coating. Therefore, the primary function of the dopants is to provide preferential 
phosphorescence properties for erosion detection. 
Fundamental to the detection of the coating thickness is the differentiation of the signal from 
the different layers in the coating structure. The phosphorescence emission from the different 
doped layers should be in distinctly different wavelength ranges. As such, the signal from the 
different layers can be spectrally filtered. 
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The emission spectra were recorded from YSZ samples doped with different concentrations 
of four rare-earth (RE) dopants, Dy, Tb, Sm and Eu. The experimental set up used is 
described in Section 3.1.1.3. All samples were excited with frequency quadrupled YAG:Nd 
laser light at 266nm except YSZ:Dy which was excited at 355nm. The results for the dopant 
concentrations with the most intense emission are shown in Figure 4.1. The composition of 
the four samples are ((ZrO2)0.96(Y2O3)0.04-x(RE2O3)x) where RE is Dy, Eu, Tb or Sm x is 
0.002, 0.02, 0.001 and 0.002 respectively. 
 
Figure 4.1. The emission spectra of four different dopants in YSZ. The excitation wavelength 
was 266nm for all materials except YSZ:Dy for which it was 355nm. The intensity of the 
YSZ:Sm spectra has been multiplied by 10 for visibility.  
The different dopants clearly alter the emission spectrum of the material and each has a 
distinctly different spectrum. The dopants have certain emission bands which are favourably 
distributed over the blue, green and red regions of the spectrum. The emission of YSZ:Sm is 
approximately two orders of magnitude lower than YSZ:Eu therefore was disregarded as a 
material choice for the erosion sensor coatings. The remaining materials, YSZ:Dy, YSZ:Tb 
and YSZ:Eu, show potential for the application because they have emission bands in the blue, 
green and red respectively and thus could be differentiated using spectral filtering. Ultimately 
the materials selection was limited by the availability of materials and as a result the final 
materials for the phosphorescent layers were YSZ:Eu ((ZrO2)0.94(Y2O3)0.04(Eu2O3)0.02) and 
YSZ:Dy ((ZrO2)0.92(Y2O3)0.04(Dy2O3)0.04) and the YSZ was industry standard 4 mol.% yttria 
stabilised ((ZrO2)0.96(Y2O3)0.04). 
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4.1.2. Final coating design 
Once the materials have been selected the design of the coating needs to be considered. This 
includes the position and thickness of the doped layers as well as the deposition method and 
overall thickness of the coating. The final coating designs are shown schematically in Figure 
4.2. Coating type A and B were designed and used to investigate the erosion detection of 
layered phosphorescent TBCs. The reference coating was used to represent the current 
standard TBC system for rotating components in military aircraft engines. This will be used 
as the base for comparison for the thermal cycling and erosion testing described in Section 
4.3. The development of these designs is described in this section. 
 
Figure 4.2. A schematic of the three coating types 
The erosion sensor development was supported by the Centre for Defence Enterprise as part 
of the UK‟s contribution to the Military Engine Reliability and Safety Programme 
Arrangement. One of the goals of the test cell instrumentation action team which is within the 
programme arrangement is to detect erosion of 20% of the coating thickness [215]. This goal 
was included as a specification for the erosion sensor coating. Therefore, the first doped layer 
is 20% of the total coating thickness and is placed at the surface of the coating. As such, 
when this layer can no longer be detected it signifies that 20% of the coating thickness has 
been removed by erosion, meeting the detection goal. Furthermore, the light intensity 
attenuates as it passes through the coating. The doped layers were, therefore, placed at or 
close to the surface of the coating to reduce signal losses by attenuation of the excitation and 
emission light through the coating. Additional doped layers deeper in the coating were 
included in the hope of exceeding the detection specification to detect and quantify greater 
than 20% thickness losses. 
One important consideration when designing the layered coating was the compatibility with 
the underlying bond coat. It has been reported that the introduction of dopants to YSZ TBCs 
does not affect their durability or compatibility with the bond coat [102]. However, it was 
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decided to use undoped YSZ material at the bond coat interface to avoid any potential 
degradation of the TBC performance. 
Of the two widely used deposition routines for TBCs, EBPVD is primarily used on rotating 
components. This is due to the columnar coating structure having higher strain tolerance 
compared to that of APS coatings. Since erosion is of most concern on rotating components, 
EBPVD was used to deposit the coatings. As will be described in the next section, multi-
layered coatings can be produced in one coating run using jumping beam systems. The 
composition of the coating is graded by selective evaporation of different composition ingots 
during deposition. The same design considerations could be applied to APS coatings. Further, 
it is expected that the same image processing algorithms, which were applied and are 
described in Section 4.4 for erosion detection, would apply to APS coating structures. 
The overall thickness of the coating was set at 150µm to provide a compromise between the 
typical United States and European specifications for EBPVD TBCs on turbine blades of 
military aircraft engines. These thickness specifications are 125µm for the United States and 
200µm for Europe [216].  
4.2. Coating production 
All of the coatings were produced at the High Temperature Surface Engineering facility at 
Cranfield University. The coatings were deposited onto one side of either 30 mm diameter 
Inconel 738 substrates or 25mm diameter sapphire substrates.  
The Inconel substrates were first grit blasted to clean the surface of any contaminants and 
oxides. Then a platinum layer, approximately 7µm thick, was deposited onto the surface by 
physical vapour deposition. The thickness of this layer is then checked by X-ray Fluorescence 
(XRF). The samples were then diffusion heat treated at 1150°C for one hour in a vacuum 
furnace. The fraction of platinum was then checked by XRF. The substrates were vapour 
aluminised at 1030°C for five hours to produce a platinum enriched nickel aluminide at the 
surface. A second grit blast was used to produce the required surface roughness and remove 
any undesired surface oxides. The sapphire substrates were pre-roughened therefore no 
further preparation was required before the application of the ceramic overcoat. 
The ceramic overcoat was applied to a platinum enriched nickel aluminide bond coat on the 
Inconel substrates using a jumping electron beam physical vapour deposition (EB-PVD) 
coater with three continuous feed ingots. The bulk material was 4 mol.% YSZ. The doped 
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layers were produced by evaporation of the YSZ:Eu and YSZ:Dy ingots respectively (for 
composition of the materials see Section 4.1.1.2). The micrographs presented in Figure 4.3 
confirm that, as previously reported [98, 217] the doped layers did not disrupt the columnar 
structure of the coating and that there are sharp distinctions between the layers in the 
structure, confirmed using energy-dispersive x-ray spectroscopy (EDS). The same EDS 
images may be used to estimate the actual thicknesses of the respective layers relative to the 
design values shown in Figure 4.2 and the measured values are indicated on Figure 4.3. 
Further EDS analysis indicated an average Eu
3+
 and Dy
3+
 doping level of 0.8at.% and 2.1at.% 
respectively. These values are below those expected based on the chemical formulas given 
above (1.3at.% Eu and 2.5at.% Dy respectively) and may indicate preferential evaporation of 
undoped YSZ. 
 
Figure 4.3. The SEM micrographs of both Coating type A and B along with the EDS maps 
showing the presence of Eu and Dy dopants. The brighter the area of the image, the greater the 
proportion of the denoted element. The estimated thickness of each layer is denoted beside the 
image. 
In addition to coating the disc substrates of Inconel and sapphire, two Rolls-Royce Viper 
engine turbine blades were coated. These blades were coated with coating type B however 
the bond coat was not enriched with platinum. This is because these coatings were not to be 
tested for their thermal stability so the improvements from using platinum were not 
necessary. As such the deposition of platinum was not required. The firtrees of the blades 
were masked then the blades were vapour aluminised at 860ºC for 6 hours to produce a nickel 
aluminide surface layer. To improve the ductility of the blades and the coatings, the 
components were heat treated for one hour at 1000ºC. The grit blasting and deposition of the 
4. Erosion detection  4.3. Coating durability tests 
 
 127  
 
TBC was done in the same way as described for the Inconel substrates. These blades were 
installed and operated in a Rolls-Royce Viper Mk 201 test-bed engine owned by SCS and 
operated at Cranfield University. More details of the testing and the results will be provided 
in Section 4.3.2. 
4.3. Coating durability tests 
4.3.1. Thermal exposure stability 
The modified coatings consist of multiple layers, interfaces between which, could be seen as 
potential weak points in the coating where thermal stresses could lead to premature failure. It 
has been shown, for example, that the coefficient of thermal expansion (CTE) of rare earth 
oxide doped YSZ is a function of the dopant concentration [218]. Hence, it might vary 
between doped and undoped layers albeit by an amount that is an order of magnitude less 
than the CTE mismatch between the coating and the metallic substrate. Therefore, the effect 
of introducing doped layers into the TBC ceramic on the thermal stability of the coating was 
investigated using cyclic thermal gradient testing. Such testing induces realistic stresses due 
to the thermal expansion coefficient mismatch between the substrate metal and the TBC 
coating. Failure of TBCs in service is often attributed to these stresses. 
The coatings were tested on a thermal gradient cycling rig described in Section 3.2.2. The 
coating samples were repeatedly cycled with five minutes of heating and two minutes of 
cooling until failure, which was determined to be when 20% of the coating area had spalled 
from the substrate, a typical criteria for such cyclic testing. 
The target temperature of the tests was set in order to achieve accelerated ageing within the 
time available. The target temperature was 1225°C at the surface and 1110°C in the substrate 
resulting in a calculated value of 1150°C at the TBC/bond coat interface. This interface 
temperature corresponds to the upper working limit for platinum aluminide bond coat 
systems. Isothermal cyclic testing results have shown that an increase of the interface 
temperature from 1120ºC to 1150ºC causes an approximate six-fold decrease in cycles to 
failure [219]. Platinum diffusion is known to occur at temperatures exceeding 1180ºC and 
this dramatically affects the performance of the platinum aluminide bond coat. An interface 
temperature of 1150ºC causes rapid failure of the TBC and has been applied in several studies 
on the cyclic life of TBC systems including a platinum aluminide bond coat [187, 220-222].  
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Five coating samples were tested; two each of the reference coating and type A, and one of 
type B. One of the A samples was tested under a more severe temperature gradient where the 
surface and substrate temperatures were 1250°C and 1095°C respectively, resulting in the 
same calculated temperature at the TBC/bond coat interface as for the other tests. A 
temperature trace for one cycle under both test conditions is provided in Figure 4.4. 
 
Figure 4.4. A temperature trace from one cycle of testing with the standard conditions, Sample 
A, and the more severe conditions, Sample A2. The target temperatures for both are shown as 
dashed and dotted lines respectively. 
Before testing, the emissivity of the coating samples was measured using the method 
described in the Section 3.2.2.2. The emissivity of two YSZ coating samples were both 0.96, 
while the emissivity of all the doped samples used for testing was 0.97. The slight difference 
in emissivity between YSZ and the doped coatings is consistent for both coating type A and 
B. This suggests the composition of the surface YSZ:Eu is the cause of the difference. The 
emissivity value setting on the pyrometer was set at 1 during testing therefore the surface 
temperature was underestimated. Using measured data, the approximate underestimate of 
temperature was 45°C and 35°C for the YSZ and doped coatings respectively. The 10°C 
difference in underestimation was not expected to affect the test conditions because it is less 
than the temperature variation between repeat samples. Furthermore this difference in 
emissivity accounts for only a 3°C difference in the temperature at the bond coat interface. 
4. Erosion detection  4.3. Coating durability tests 
 
 129  
 
A summary of the results of the thermal stability tests is given in Table 4.1. Although both 
samples of coating A survived for fewer cycles than the other types of coating, the results are 
all within the normal scatter of this type of testing [207, 223]. Furthermore a reduction in 
cyclic life is expected with the more severe conditions that one of the coating A samples was 
tested under. 
Table 4.1 A summary of the thermal gradient cycling test results 
 Substrate Temperature /°C Surface Temperature /°C 
Temperature 
Bond Coat 
(Calculated) Sample 
No. of cycles 
to failure 
Mean (heating 
phase) Max. Min. 
Mean (heating 
phase) Max. Min. 
YSZ 166 1108 1142 15 1219 1268 13 1147.5 
YSZ 2 162 1117 1140 11 1207 1276 10 1148.5 
A 102 1103 1135 13 1221 1250 12 1145.5 
A 2 135 1095 1244 15 1239 1352 15 1146 
B 167 1105 1176 9 1216 1276 10 1148 
 
Figure 4.5 shows photographs of all the samples after testing. It can be seen that all coatings 
exhibited failure by virtue of small delaminations spreading from the outer edge. The more 
extensive failure observed on the sample of Coating B is because the photograph was taken 
20 cycles after the failure was considered to occur. The time of failure was indicated by a 
significant change in the recorded temperature trace. 
It is widely recognised that the predominant failure mode in EB-PVD TBCs occurs at the 
TBC/bond coat interface [18, 27] and the failures observed were consistent with this given 
that they comprised full thickness spallation of the coating. Although this failure mechanism 
is complicated and related to several different factors, it is ultimately related to the growth of 
a thermally grown oxide layer between the TBC ceramic and bond coat. At the TBC / bond 
coat interface all of coating types comprise the same material, namely standard YSZ. Further, 
similar coatings have been tested by SCS in previous research activities which produce 
similar results [224]. Most significantly, no evidence of failure was observed at the phosphor 
layer interfaces - so called „white failure‟. After thermal testing the coatings were examined 
by phosphorescence imaging and the luminescent properties of the outermost layer were 
unchanged, suggesting no failures occurred at the interfaces between doped layers. This 
suggests that the introduction of additional layers did not change the failure mode and that the 
coatings were not destabilised by their layered structure. 
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Figure 4.5. Photographs of Sample YSZ (a), YSZ 2 (b), A (c), A 2 (d) and B (e) after thermal 
cycling testing showing the delamination of the coating starting from the edge of the sample. 
Photograph (e) was taken 20 cycles after failure. 
4.3.2. Engine testing 
The two turbine blades coated with coating type B were tested in a Rolls-Royce Viper Mk 
201 jet engine owned by SCS and operated in a ground test facility at Cranfield University. 
The engine was operated over the full working range from 5,000RPM to 13,500RPM. Further 
details of the engine testing programme are given elsewhere [111, 114]. 
 
Figure 4.6. Photographs of one of the turbine blades coated with Coating type B after engine 
testing where (a) is the pressure side and (b) the suction side. 
A photograph of one of the coated and tested blades is shown in Figure 4.6. As shown in the 
photograph, no damage was observed to the coating after testing. Some soot staining is 
visible at the root of the blade on the suction face. The same is true of the other coated blade. 
The coating was also examined by phosphorescence imaging and the surface YSZ:Eu was 
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observed indicating there was no delamination or erosion of the coating. This result provides 
a further demonstration of the thermal stability of the sensor coating. 
4.3.3. Erosion tests 
The erosion tests were conducted by staff at Cranfield University on the specifically designed 
erosion rig described in Section 3.2.1. Two tests were conducted, one at ambient temperature 
and one in which the air flow and sample surface were heated to 800°C. For each coating 
type one sample was used in the ambient test and two samples in the high temperature test. 
The duration of exposure was 8 minutes, 2 minutes 30 seconds and 12 minutes for the 
standard YSZ, coating A and coating B samples respectively since at the erosion rates 
determined during calibration testing it was estimated that this would ensure that the erosion 
crater would extend beyond the two outermost layers of the coatings, i.e. that it would be 
deeper than 60μm. For both tests the maximum erosion depth was measured using a precision 
dial gauge (PDG) which has a 4mm ball end and 5µm resolution. For the high temperature 
test the mass loss caused by the erosion was also measured. 
The results of the erosion tests are presented in Figure 4.7. For both the ambient and high 
temperature tests the erosion rate is given as the ratio of the maximum depth of the erosion 
crater and the time of erosion exposure and hence represents the time averaged erosion rate. 
In the high temperature test an additional erosion rate is provided in alternative units, the ratio 
of sample mass loss and mass of erodent particles. 
The erosion rates measured for the standard YSZ coatings were all relatively low: 7-8μm/min 
at 20°C and 4-5μm/min / 3-4g/kg at 800°C. These compare with typical values reported in the 
literature for standard YSZ under similar test conditions of between 10 and 20g/kg [25, 35]. 
Factors that affect the erosion resistance of EBPVD coatings include density and/or column 
diameter and it may be that one or both of these was greater in the samples tested than for 
those reported in the literature although these variables were not measured during this project. 
The erosion rate measured for coating A was the greatest across all tests. The difference in 
the erosion rates between coating A and B appears to be linked to the penetration depth. The 
maximum depth of the erosion crater on all samples of coating A was between 45µm and 
65µm therefore the erosion was limited primarily to the two doped layers. The maximum 
depth of the erosion for coating B samples was between 50µm and 150µm, so the derived 
erosion rate includes a significant contribution from undoped layers. The different erosion 
rates observed suggest that the doped layers of the coating have a higher erosion rate than 
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undoped layers. This conclusion concurs with reports in the literature that the erosion rate of 
YSZ increases when doped with rare earth oxides above approximately 2-4 mol % [184], 
however it is reported to decrease at elevated temperatures. The higher erosion rate is 
reported to be due to finer columns in the coating structure which are attributed to the ternary 
additions of rare-earth oxides. 
 
Figure 4.7. The results of all 9 samples in the ambient and high temperature erosion tests. 
As mentioned previously in the Dopant selection section (4.1.1.2), the materials selection was 
based on material availability. In this project the dopant was introduced into the material by 
replacing the required portion of YSZ with the desired rare-earth oxide. As a result, there is a 
higher overall amount of addition to the bulk zirconia. The addition of rare-earth oxides has a 
similar effect as yttria addition on the phase stability of zirconia, therefore, the materials used 
in this project are effectively over-stabilised. As suggested in the literature, the over-doping 
of the YSZ may cause the decrease in the erosion resistance. Since the rare-earth ions replace 
the yttrium ions in the YSZ structure it is possible to substitute a portion of the yttria in the 
YSZ with the desired amount of rare-earth oxide. This approach would retain the same 
overall dopant level in the zirconia, which may avoid the finer columnar structure and hence 
the associated decrease in erosion resistance. 
The difference between the erosion rates calculated for coating B in the high temperature test 
can be explained by inspection of the erosion scar, see Figure 4.8. It is thought that one 
sample (Sample 3 in Figure 4.7) eroded slightly faster than the other sample (Sample 2) albeit 
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within the normal test scatter. Sample 3 reached a condition whereby the erosion is 
significantly accelerated because the coating becomes very thin, approximately 40µm. When 
this condition is reached the coating can be removed by single impacts from the erodent 
particles. Therefore the erosion rate measured for sample 2 is more representative of the bulk 
of the coating and although this is greater than the standard coating in this test programme it 
is within the reported values for standard YSZ in the literature. 
 
Figure 4.8. Photographs of the Coating type B samples after high temperature erosion testing, 
where (a) sample 2 shows limited exposure of the bond coat while (b) sample 3 has a large area 
of exposed bond coat. 
4.4. Coating sensor tests 
The eroded samples were used to investigate the erosion detection capability of the multi-
layered coatings. Two different quantitative approaches for the analysis of the 
phosphorescence images of the eroded coatings were developed in this project. The 
difference between the two approaches is the way the image data is analysed. In the first 
technique, termed erosion detection, the image data is used to identify the presence of the 
doped layers across the surface of the coating. As such, erosion is detected in the regions 
where doped layers are no longer present and because the thickness and depth of each layer is 
known the erosion can be quantified with the resolution of the layer thickness. In the second 
technique, called erosion profiling, the image data is considered in more detail. The intensity 
of the phosphorescence is used to reconstruct the thickness profile of the doped layers to 
quantify the extent of the erosion with greater resolution. Both approaches rely on the same 
instrumentation setup which was described in Section 3.1.1.4 and each approach will be 
described in detail in the following sections. 
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4.4.1. Erosion detection 
The following sub-section describes the image processing routine used to detect the presence 
of the doped layers to determine the extent of the erosion on the coating samples. 
4.4.1.1. Layer differentiation 
Fundamental to the detection of the coating thickness is the differentiation of the signal from 
the different layers in the coating structure. The phosphorescence emission from the two 
different doped layers is in distinctly different wavelength ranges. The main emission band 
for YSZ:Eu is 580-640nm while a significant emission band for YSZ:Dy is between 475-
510nm. This integral feature of the coating design allows the signal from the doped layers to 
be segregated by taking advantage of the pixel sensitivity of the CCD. The emission from the 
YSZ:Eu and YSZ:Dy may be captured using the red and blue pixels respectively. The design 
of the coating and instrumentation eliminates the requirement for filters in the emission path 
to differentiate between the emission from the different doped layers, which thereby reduces 
the complexity of the system and signal losses. 
4.4.1.2. Excitation filters 
The excitation light from the mercury-xenon arc lamp source is broad band. As such, a filter 
is required to remove the visible light so that it does not interfere with the phosphorescence 
signal. The pass wavelength of the selected filter should correspond to excitation wavelengths 
of the YSZ:Eu and YSZ:Dy material because, as stated in Section 4.1.1, it is preferable to 
excite the entire coating using the same excitation wavelength. The mercury emission lines 
enhance the broad emission spectrum of xenon to produce high intensity at particular 
wavelengths. The pass band of the filter should match these peaks to capitalise on the high 
intensity output of the lamp. There are two strong mercury emission lines at 254nm and 
365nm which correspond to peaks in the YSZ:Eu and YSZ:Dy excitation spectrum 
respectively [225]. Therefore, two band pass filters, one centred at 254nm (FWHM 40nm, 
254FS40, Edmund Optics) the other at 365nm (FWHM 10nm, 365IL25, Comar) wavelengths 
were compared for their performance in the phosphorescence imaging instrumentation.  
The filters were placed separately in front of the exit of the fibre guide from the light source. 
The white balance setting of the CCD camera was set automatically on a white light 
background, see Section 3.1.1.4 for further details. The gain levels were 128, 96 and 255 for 
red, green and blue pixels respectively where the maximum setting is 255. The 
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phosphorescence image from an eroded sample of Coating type A was recorded using the 
same settings but with the two different excitation filters. The resultant histograms of the red 
and blue pixels in the images are shown in Figure 4.9. The scaling on the y-axis is the same 
in both plots. 
 
Figure 4.9. The red and blue pixel histograms of the phosphorescence image of the same eroded 
sample coating using the same white balance settings but two different excitation filters. 
As can be seen in the plot for the 254nm filter, a large number of the red pixels are saturated 
while all the blue pixel intensity values are below 80. Conversely, for the 365nm filter a small 
portion of the blue pixels are saturated while the maximum intensity of the red pixels is 190. 
This result is expected because the 254nm light more effectively excites the YSZ:Eu causing 
high intensity in the red pixels whereas the 365nm light excites the YSZ:Dy causing a high 
intensity in the blue pixels. Importantly, however, the red and blue pixel intensity is well 
distributed over the intensity range with the 365nm filter. This is useful to extract the most 
data from the image and is crucial for the image processing, as will be discussed later. 
Although the white balance can be used to equilibrate the intensity levels of the different 
colour pixels, the low intensity of the blue pixels with the 254nm filter cannot be enhanced 
because the gain level on the blue pixels is at the maximum setting of 255, as a result the full 
dynamic range of the CCD cannot be used so that the quality of the data is reduced. The 
small degree of saturation in the blue pixels with the 365nm filter can be avoided by reducing 
the gain setting of the blue pixels. Furthermore, the gain setting on the red pixels can be 
increased to increase the maximum red pixel intensity from 190 to 255. This allows the full 
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dynamic range of the CCD to be used for both the red and blue pixels, retrieving the highest 
quality data from the image. For this reason the 365nm filter was chosen for the 
instrumentation and will be used to capture the images analysed in the following sections. 
4.4.1.3. Image segmentation 
The objective of this process was to use the red and blue pixel data to segment the image into 
different areas which denote the presence of the YSZ:Eu and YSZ:Dy layers. The gain, 
exposure time and white balance were manipulated to ensure that the red and blue pixel 
values covered the full dynamic range of the CCD. Under these conditions, the histograms 
from different images take a similar form, as shown in Figure 4.10. In an uneroded coating 
the pixel histogram would show a single peak corresponding to the unimpaired 
phosphorescent layer. However, as a result of erosion the number of pixels with a lower value 
increases so that the peak becomes broader and its peak diminishes. Eventually, a second 
peak, at zero intensity starts to grow where the coating has been completely removed. The 
minimum between these two peaks, where the count is probably due to a combination of the 
weakest signal and noise, was deemed to be a good first approximation for the threshold 
value – although clearly other methods, more or less conservative, of setting the thresholds 
may be envisaged. It is expected that the image processing method could be automated for 
industrial application if a sufficiently large number of sample images were available to 
develop/train a robust algorithm. 
A method has been developed to retrieve the thickness information from the type A coatings 
once the image has been captured using the optimised settings. First the image is segregated 
into the red, green and blue components. The presence of the YSZ:Eu layer is represented by 
a significant intensity in the red pixels. The histogram of the pixel data is used to set a 
threshold below which none of the YSZ:Eu coating is assumed to remain. The YSZ:Eu layer 
is considered to be present in the area of the image where the red pixel value is above this 
threshold level. This area of the image is masked and the blue pixel data is then analysed in 
the remaining area. A similar threshold level is then set using the histogram and the YSZ:Dy 
layer is deemed to be present in the area of the image where the blue pixel value is greater 
than the threshold level. This area is masked along with the YSZ:Eu area and the remaining 
area is considered to be either unmodified YSZ or where the coating has completely 
detached. 
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Figure 4.10. A typical histogram of an eroded sample of Coating type A showing the allocation 
of the thresholds for both the blue and red pixels. 
As described in the Instrumentation section, the eroded samples were imaged in two ways, 
either a close-up of the erosion crater was observed or the complete sample surface was 
included in the image. The former approach is termed macro-imaging and the latter is sample 
imaging. The image processing routine equally applies to both configurations and the results 
are provided for both using the same coating sample. 
The phosphorescence image of the eroded sample of coating type A which will be used in the 
analysis in the following sections is shown on the left of Figure 4.11. The circular shape of 
the coated sample can be clearly seen. The dark region approximately in the centre of the 
sample is the erosion crater. The red and blue emission from the YSZ:Eu and YSZ:Dy layers 
can be seen in the phosphorescence image but these are clearly identified in the composite 
image in the right of the figure. 
The composite image on the right shows the image divided according to which layer is at the 
surface. The white area indicates there is some of YSZ:Eu layer remaining. The grey area 
indicates where the YSZ:Eu layer has been removed i.e. the erosion has penetrated at least 
20% of the total coating thickness. The black area shows where both doped layers have been 
eroded and hence at least 40% of coating thickness. The image clearly demonstrates that the 
phosphorescence imaging technique can detect the erosion of 20% of the coating thickness 
and with the addition of a second doped layer even greater damage can be determined. This 
meets and surpasses the specification set by military requirements, mentioned in Section 
4.1.2. 
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Figure 4.11. The phosphorescence image of an eroded sample of coating type A along with the 
composite image formed through the erosion detection image processing routine.  
Figure 4.12 shows the results of the image processing routine when applied to a macro-image 
of an eroded sample of Coating A. The white light image (bottom left) shows a dark region in 
the bottom left of the image which indicates the roughly circular erosion crater. Although this 
eroded region can be identified under white light it is not possible to quantify the damage. 
When the excitation light is applied the phosphorescence can be used to see which doped 
layers remain and hence determine the depth and extent of the erosion crater. 
The composite image of the erosion shows a similar extent of the erosion to the image of the 
entire sample in Figure 4.11. The red pixel image indicates that the red emission from the 
YSZ:Eu layer is present outside of the dark region in the white light image. The blue pixel 
image shows that there is a high intensity from the YSZ:Dy underneath the YSZ:Eu layer. It 
is thought that the depth of the majority of the erosion crater is close to the thickness of both 
doped layers since small areas of YSZ:Dy remain in the erosion crater. Another important 
observation is the protrusion from the erosion crater which is circled in the erosion map 
image in Figure 4.12. This protrusion and the validation of the depth measurements will be 
considered in more detail later in Section 4.4.2.3.  
4. Erosion detection  4.4. Coating sensor tests 
 
 139  
 
 
Figure 4.12. The intensity of the red (top left) and blue (top right) pixels shown as a 
monochrome from an image of an eroded area of a coating A sample. An image of the eroded 
area under white light (bottom left) is displayed alongside the composite image showing which 
layer is exposed to the surface and thus the extent of the erosion (bottom right). The circled area 
appears to be a protrusion from the erosion crater. 
4.4.2. Erosion profiling 
In the previous section the resolution of the erosion measurement was limited to the thickness 
of the doped layers. In this section an alternative approach is described whereby the intensity 
data from the image is used to describe the thickness of each doped layer and hence quantify 
the erosion to a higher resolution. 
4.4.2.1. KM model of an erosion sensor coating 
Under uniform illumination the intensity of the phosphorescence is expected to be related to 
the quantity of the phosphor material, or in other words, the thickness of the coating layer. 
The change in emission intensity with coating thickness can be estimated using the KM 
model detailed in Section 2.2. The model, which was validated using dual layer coatings, was 
extended to describe a three layer coating system such as the coating type A samples. The 
absorption and scattering coefficients were selected according to the wavelength as described 
in the modelling section (2.2.3). The selected wavelengths of the excitation, YSZ:Eu and 
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YSZ:Dy emission were 365nm, 608nm and 405nm respectively. A summary of the 
coefficient values is provided in Table 4.2. 
Table 4.2. The values of the coefficients used in the model and the references from which they 
were taken 
Coefficient Value Reference 
Absorption 
Excitation 2700 m
-1
 
[156] Emission Eu 97 m
-1
 
Emission Dy 1150 m
-1
 
Scattering 
Excitation 4950 m
-1
 
[157] Emission Eu 15520 m
-1
 
Emission Dy 17900 m
-1
 
Reflection 
Coating interfaces 0 [147] 
Bond coat interface 0.15 [157] 
Quantum efficiency 0.5 [147] 
 
The modelled result of the intensity of the light as it propagates through the multi-layered 
coating, in both the positive (I) and negative (J) directions, is shown in Figure 4.13. The plot 
shows that the excitation light (light blue) diminishes in both directions as it is absorbed and 
scattered through the coating. As excitation enters the doped layers it generates 
phosphorescence. The scattering coefficient is far greater than the absorption coefficient for 
the phosphorescence, therefore the change in its intensity is expected to be dominated by 
scattering effects. For the YSZ:Eu layer, I’Eu increases as the excitation enters the coating, 
however as the intensity of the excitation diminishes so too does the increase in the 
phosphorescence. When passing through the other layers the I’Eu intensity decreases 
predominantly due to scattering effects. Upon reaching the bond coat, 15% of the light is 
reflected giving rise to the value of the scattered component, J’Eu, at the interface. The light 
returning in the negative direction, out of the coating, increases due to scattering of the 
incoming light. At the YSZ:Eu layer the J’Eu intensity is augmented by the generation of 
phosphorescence and scattered phosphorescence. As the light approaches the surface the 
increase in intensity slows due to less scattered incoming phosphorescence. The 
phosphorescence emission intensity of each layer is taken as the signal intensity, i.e. J’ at 
x=0. The same trends are observed for the phosphorescence from the YSZ:Dy layer, however 
the YSZ:Eu reduces the emission intensity at the surface largely due to scattering. 
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Figure 4.13. The modelled light intensity of the excitation (light blue), YSZ:Eu emission (red) 
and YSZ:Dy (blue) as it passes through the coating in the inward (solid lines) and outward 
direction (dot dash lines). The intensity of the phosphorescence is multiplied by a factor of 10 to 
improve visibility, 
The model was used to calculate the emission intensity of each doped layer as the thickness 
of the coating is reduced, i.e. in the case of erosion, and the result is plotted in Figure 4.14. 
As the thickness of the coating reduces the emission intensity from the YSZ:Eu layer 
decreases, while the YSZ:Dy emission becomes more intense, due to reducing scattering in 
the YSZ:Eu layer. When the YSZ:Eu layer is completely removed there is no 
phosphorescence from that layer and the emission intensity from the YSZ:Dy layer is at its 
peak. Further coating thinning causes reduction in the YSZ:Dy emission intensity until it is 
completely removed. The decrease in intensity with the thickness of each layer is 
approximately linear. This result indicates that under uniform excitation the intensity of the 
phosphorescence can be related to the coating thickness. This relationship will be exploited to 
improve the resolution of the depth measurements provided by the erosion detection image 
processing routine.  
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Figure 4.14. The modelled result for the change in emission intensity with coating thickness. 
4.4.2.2. Experimental results 
The phosphorescence image of the eroded coating A sample is shown in Figure 4.15 
alongside the intensity profile across the diameter and through the erosion crater. The red 
pixel values show a gradual decrease to zero at the erosion crater, indicating that the YSZ:Eu 
layer was completely removed at the centre of the crater. The blue pixel values also exhibit a 
decrease over the erosion crater and are approximately constant outside this area. Another 
significant observation was the local increase in the blue pixel values where the red pixel 
values are almost at zero, indicating that the thinning of the YSZ:Eu layer allows more signal 
from the underlying YSZ:Dy to be observed. It is clear from the image and intensity profiles 
that the observed emission intensity depends on both the thickness of the coating being 
observed and on the thickness of any additional layers above it. 
The large peak observed in the blue pixel intensity on the right of the plot can be seen around 
the entire edge of the sample. This edge effect was observed in most of the samples and was 
therefore thought to be due to the coating deposition. There may be a lower thickness of the 
YSZ:Eu in this region causing a high intensity from the underlying YSZ:Dy.  
The image processing routine for the erosion profiling uses the same first steps as those 
described for the erosion detection routine. The image is separated into the different colour 
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pixels and thresholds are used to segment the image into different regions depending on 
which layer is deemed to be present at the surface. Once the layers were identified the pixel 
values were scaled so that the image data represented coating thickness. The maximum and 
minimum pixel values, for both the YSZ:Eu and YSZ:Dy areas, were set to be the maximum 
and minimum thickness of those layers respectively. According to the modelling approach 
the relationship between layer thickness and emission intensity is approximately linear, as 
shown in Figure 4.14, therefore, all intermediate pixel values were scaled linearly between 
the maximum and minimum. 
 
Figure 4.15. (Left) The phosphorescence emission image from an eroded sample. (Right) The 
median intensity of 5 red and blue pixels across the white line indicated on the left image. A 
moving average filter with 5 data points is used to improve the visibility of the trends. 
The result for the eroded sample of coating type A is shown in Figure 4.16. As expected the 
maximum coating thickness was at the edges of the coating sample and a gradual decrease 
was observed towards the erosion crater where there was a dramatic decrease in coating 
thickness. When the erodent particles are delivered perpendicular to the coating surface, as 
was the case for the erosion tests conducted in this project, the erosion crater is expected to 
have steep sides and a flat bottom [226]. As shown in Figure 4.16, the profile of the crater 
determined by the phosphorescence imaging technique is as expected for this type of erosion 
testing. Another observation is the protrusion from the erosion crater in the three-dimensional 
reconstruction. This protrusion was observed when the erosion detection image processing 
routine was applied and will be referred to later in the validation of the measurements. 
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Figure 4.16. The three-dimensional reconstruction of the eroded sample of coating type A 
The same image processing routine was also applied to the macro-image of the erosion crater 
on the same sample. The result, shown in Figure 4.17, is similar to that given by the sample 
imaging. Again, there is a gradual decrease in coating thickness towards the edge of the 
erosion crater, then a steep drop to the bottom of the crater. 
 
Figure 4.17. The three-dimensional reconstruction of the macro-image of the eroded sample of 
coating type A. A 5x5 median filter has been applied to the image to reduce the noise. 
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One important difference between the sample and macro-imaging is the effect of the scaling 
of the phosphorescence intensity. The scaling of the intensity data to reconstruct the thickness 
profile can only be applied to the data available in the image. The maximum and minimum 
thickness is set by the maximum and minimum intensity observed in the image. When only a 
section of the coating is observed, as in the macro-imaging, the recorded minimum and 
maximum intensities may not represent the minimum and maximum thicknesses for the entire 
coating. This error on the scaling could be practically overcome by the calibration of intensity 
values to reference coating samples. The same imaging configuration could be used to record 
images from coatings of known thickness to build a calibration data set. As such, when the 
same settings are applied to record a phosphorescence image from a coating of unknown 
thickness the maximum and minimum thickness could be determined. This calibration 
procedure is not suitable, however, when the imaging conditions of the unknown component 
are not consistent with the calibration, for example when the coating surface is stained. The 
applicability of the erosion profiling described above may be limited in this situation, 
however, an alternative approach is considered later in Section 4.4.2.6. 
4.4.2.3. Validation 
Both the erosion detection and profiling techniques provide indications of the depth of the 
erosion damage. To demonstrate the validity of the results they were compared to two 
alternative methods of measuring the depth of the damage. In the first, a mechanical precision 
dial gauge (PDG) was used to provide a rapid preliminary one-dimensional scan of the crater 
and for the second a confocal microscope was employed to provide a more detailed two-
dimensional scan in areas of particular interest. 
The PDG measures one-dimensional displacement with a resolution of 5µm. The coating 
surface profile was measured by traversing the PDG along a diametric line chosen to pass 
through the centre of the erosion crater where maximum erosion occurred. Depth 
measurements were at millimetre intervals. A similar study of an uncoated substrate showed 
there to be a variation across the surface of around 30µm with the substrate being somewhat 
domed in the centre. This is thought to have been due to the manufacturing process but it 
should be noted that such variation in surface height is continuous in contrast to the sharp 
surface height variation that occurs as a result of the erosion event so that it does not 
undermine the detection of the erosion scar. Nevertheless, the effect of natural surface profile 
variation was taken into account and estimated to limit the precision of the profile 
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measurements to ±7μm. The minimum vertical displacement recorded by the PDG was 
considered to represent the maximum coating thickness.  
Using the PDG on the eroded sample described thus far, the depth of the erosion crater was 
determined to be 60µm, giving a remaining coating thickness of 90µm. In agreement with the 
phosphorescence imaging, the PDG measurements indicate that the maximum erosion depth 
caused the removal of both doped layers. Further comparison between the results will be 
described in the following paragraphs. The PDG measurements were also conducted on other 
eroded samples and the results are reviewed for more samples in Section 4.4.2.4. 
The second technique using a confocal microscope was conducted to gain more detailed 
information of the erosion crater. The confocal microscope was used in a backscatter 
configuration to measure the crater surface profile. The microscope works by focussing 
illumination at a particular location with backscattered light from the same location focused 
onto collection optics. As a result, when the focal point is on the surface of the coating a 
significant proportion of the illuminating light is reflected back, and conversely when the 
focal point is not on the surface there will be minimal reflected light received by the 
collection optics. This can be used to generate a series of images of the coating surface at 
defined depth planes relative to the surface. The compilation of such images can then be used 
to form a detailed reconstruction of the profile of the erosion crater. 
This technique was only applied to one eroded sample, the imaging results from which have 
been described in detail thus far. A section of the coating was scanned in steps of 5µm in the 
depth direction. The recorded images were reconstructed into a coating thickness profile by 
scaling the data such that the maximum thickness value was equivalent to the maximum 
coating thickness, i.e. 150µm. The reconstructed image of the scan is shown in Figure 4.18. 
The confocal scan shows a rough fractured surface with the coating thickness at the base of 
the erosion crater in the region of 90µm to 100 µm. This value is in good agreement with the 
PDG measurement and also the reconstruction from the phosphorescence detection method.  
A further indication of the fidelity of the phosphorescence imaging technique can be obtained 
by noting that there is a protrusion in the base of the crater, circled in Figure 4.18, that is 
faithfully reproduced in all of phosphorescence image reconstructions: Figure 4.12, Figure 
4.16 and Figure 4.17. 
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Figure 4.18. The reconstructed image of the confocal microscope scan of the eroded coating type 
A sample. A protrusion from the erosion crater is circled. 
A segment of the data from both the phosphorescence imaging and confocal microscope 
reconstructions was used to form a coating profile across this protrusion, which 
approximately represents a horizontal line of width 0.3mm. A moving average filter was 
applied to the confocal data. Both of these reconstructed profiles were compared along with 
the measurements across the sample using the PDG, which were recorded along a similar line 
across the sample surface. All three profiles are plotted in Figure 4.19. 
 
Figure 4.19. The cross-sectional coating profiles measured with all three techniques, the 
phosphorescence imaging (black), confocal microscope (red) and PDG (blue). A moving average 
filter has been applied to the confocal microscope data and a linear interpolation line connects 
the PDG measurements to visualise the trends across the diameter of the sample. 
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There is good agreement between all three methods. The protrusion from the erosion crater is 
clearly visible in the confocal and phosphorescence imaging data. The measurement of this 
feature provided by both techniques is almost identical. Furthermore, the reconstruction of 
the erosion crater using the phosphorescence imaging technique is within the error range of 
that using the confocal microscope. This indicates that the phosphorescence imaging 
technique has at least the same depth resolution as the confocal microscope i.e. ±5µm. The 
protrusion covers five pixels, approximately 0.3mm, giving an estimate of the spatial 
resolution of the phosphorescence imaging. The spatial resolution is, however, dependent on 
the magnification of the image. 
The correlation between the phosphorescence and confocal profiles reduces outside the 
crater, this may be due to the scaling method applied to the confocal data. The correlation 
between the PDG measurements and the phosphorescence technique is very good outside the 
erosion crater. However, at the maximum depth of the erosion crater the coating thickness 
recorded using the PDG is 90µm while the phosphorescence imaging records approximately 
105µm. This 15µm difference may be due in part to the 10µm surface anomaly in the PDG 
data at a distance of 22mm. This point is the minimum vertical displacement therefore 
represents the maximum coating thickness, hence it affects the scaling of the data. If this 
anomaly was removed the difference between the PDG and phosphorescence thickness 
reconstructions would be within the error range. 
The good agreement between the phosphorescence imaging reconstruction and the other 
profiling methods provides evidence that this technique can be applied to achieve high 
resolution measurement of the erosion damage. This conclusion is supported by the similar 
results achieved using the other eroded samples which are presented in the following sub-
sections. 
4.4.2.4. Results from alternative Coating A samples 
So far only the result from one eroded sample have been described and analysed. The same 
analysis, except the confocal microscope imaging, was also conducted on the other eroded 
samples. The results from two of these samples are given in this section. 
The phosphorescence image from another eroded sample of coating type A is shown on the 
left of Figure 4.20. As in the sample discussed previously, the erosion damage can be seen as 
a dark circular region approximately in the centre of the sample. As shown in the right image 
of Figure 4.20, the image processing routine indicates that the YSZ:Eu layer is largely intact 
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across the majority of the surface. The circular erosion crater has penetrated through both 
doped layers causing the removal of at least 50µm of coating thickness. 
 
Figure 4.20. The phosphorescence image of another eroded sample of coating type A (left) with 
the result of the erosion detection image processing (right) indicating the extent of the erosion 
damage. 
The reconstruction of the coating thickness of the same sample is shown in the left of Figure 
4.21. As described previously, the measurements of the coating thickness with the 
phosphorescence imaging technique are compared to the PDG measurements. A cross-section 
of the thickness profile is taken across the white line shown in the reconstruction on the left 
of Figure 4.21. The cross-section is overlaid on the PDG measurements in the plot on the 
right of Figure 4.21. 
The plot on the right of Figure 4.21 shows there is good agreement between the 
phosphorescence imaging technique and the PDG measurements. The width of the erosion 
crater is the same in both cases. The depth of the erosion crater recorded using the PDG is 
below the doped layers with a maximum depth of approximately 65µm. This result agrees 
with both phosphorescence image processing routines which show that neither of the doped 
layers remain at the centre of the erosion crater. 
As stated in Section 4.2, the coatings were also applied on sapphire substrates. The 
phosphorescence image of an eroded coating A sample on a sapphire substrate is shown on 
the left of Figure 4.22. Next to the image is the result of the erosion detection image 
processing, indicating the extent of the damage. Although the damage on the coating surface 
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appears extensive in the phosphorescence image, the segmented image shows that the erosion 
has penetrated the top YSZ:Eu layer in small fragmented areas. 
 
Figure 4.21. The thickness reconstruction (left) of the phosphorescence image of the eroded 
coating type A sample shown in Figure 4.20. The white line represents the position of the cross-
section data shown in the right plot along with the PDG measurements across a similar line. A 
linear interpolation line is drawn between the PDG measurements to improve the visibility of 
the trends. 
 
Figure 4.22. The phosphorescence image (left) of an eroded coating type A sample on a sapphire 
substrate with the erosion map (right) indicating the extent of the erosion damage. 
The reconstructed thickness profile using the erosion profiling image processing routine is 
shown in Figure 4.23 alongside the comparison with the PDG measurements. The thickness 
reconstruction indicates that over the majority of the erosion crater the remaining coating 
thickness is approximately 130µm. This thickness reduction of 20µm is confined to the 
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surface YSZ:Eu layer and as such it does not appear in the segmented image shown on the 
right of Figure 4.22. This result clearly demonstrates the improved detection capability of the 
erosion profiling technique over the more simple erosion detection technique. Also the result 
is within the error of the PDG measurements which records a deeper damage by 
approximately 5µm.  
 
Figure 4.23. The thickness reconstruction (right) of the phosphorescence image of the eroded 
Coating type A sample on a sapphire substrate. The white line represents the position of the 
cross-section data shown in the right plot along with the PDG measurements across a similar 
line. 
This sample provides a good example of the benefit of the more detailed erosion profiling 
image processing routine. It shows that damage in the surface layer can be observed which 
may not be otherwise detected using the erosion detection image processing routine. As such 
the profiling technique offers a significant potential benefit to identify erosion damage at an 
early stage before the degradation is sufficient to warrant repair or replacement. The analysis 
of the phosphorescence emission intensity allows the interpretation of coating thickness 
within the doped layer providing a resolution of greater than 25µm (the thickness of the 
doped layers) in this case. Such information of the degradation could be used to identify 
problematic areas before critical damage occurs and potentially used to measure erosion rates 
in these crucial areas and hence, predict the remaining coating life. In practise, however, the 
assumptions inherent in the profiling technique may not apply. For these situations the 
simpler erosion detection technique could be applied using more conservative settings of the 
threshold so that the processing is more sensitive to coating damage. As stated previously in 
Section 4.4.1.3, the threshold setting could be automated by analysis of a large number of 
samples with a known degree of damage. 
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4.4.2.5. Results from Coating B samples 
So far only the phosphorescence imaging results from coating type A have been presented. 
The same imaging and analysis was also conducted on the coating type B. The additional 
undoped YSZ layer between the YSZ:Eu and YSZ:Dy did not appear to improve the erosion 
detection capability of the coating. As predicted in the modelling results, shown in Section 
4.4.2.1, and observed in the experimental results from the coating type A samples, the 
phosphorescence penetrates through an overcoat layer of 25µm. The blue emission from the 
underlying YSZ:Dy layer passes through the intermediate undoped YSZ so that it was not 
possible to separate the signal from these two layers. Although coating type B has four layers, 
only three could be differentiated in the phosphorescence image. The same image processing 
routine used for coating type A was therefore applied to the coating type B samples. 
An example of the results from a sample of coating type B is provided in Figure 4.24. The 
PDG measurements indicated the maximum depth of the erosion crater was 110µm, which 
leaves only the deepest YSZ layer remaining. This concurs with the result of the erosion 
detection image processing which is shown on the right of Figure 4.24. A circular region 
above the centre of the sample is deemed to have penetrated both doped layers. However, 
there was no significant difference in the blue pixel intensity to differentiate between the 
intermediate YSZ layer and the YSZ:Dy layer. Therefore, the grey region of the erosion map 
indicates the presence of either layer at the surface.  
 
Figure 4.24. The phosphorescence image of an eroded coating type B sample (left) and the result 
of the erosion detection image processing routine (right). 
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4.4.2.6. Further development opportunities 
Although the transmission of the phosphorescence emission through overcoated layers means 
that an undoped layer cannot be differentiated, it presents two useful opportunities. The first 
opportunity offers a means to improve the erosion resistance of the sensor coatings. The 
second opportunity could be used to overcome the effect of staining on the surface of the 
coating or non-uniform excitation of the coating. Both concepts are outlined below and are 
offered as a consideration for future work in the development of the erosion sensor coating. 
As stated previously in Section 4.3.3, the erosion resistance of the doped layers appears to be 
less than the standard YSZ. The erosion resistance of the sensor coatings could be improved 
by taking advantage of the translucence of standard YSZ. Thin doped layers embedded 
beneath standard YSZ material would result in a coating that only has a small fraction of 
doped material. This approach, along with the reduction of the dopant concentration 
described earlier in Section 4.3.3, is expected to avoid any erosion resistance reduction 
caused by the doped materials. Although the erosion detection image processing routine 
could be used without alteration, further consideration would be required for the profiling 
method. Also the thickness of the doped layers should be sufficient to maintain sufficient 
signal intensity. 
The other opportunity relates to the assumption the excitation of the coating must be uniform 
in the erosion profiling image processing. When the excitation is non-uniform across the 
surface, such as when there are surface stains, the emission from both phosphorescent layers 
will be affected. A stain, for example, will reduce the signal from both the YSZ:Eu and 
YSZ:Dy, while erosion will reduce the emission from the YSZ:Eu relative to the YSZ:Dy. 
Therefore a ratio of the red to the blue pixel intensity will show where the signal from the 
YSZ:Eu layer has reduced relative to the YSZ:Dy, hence identify areas where the YSZ:Eu 
layer is eroded. Only the concept for this approach is presented and further work would be 
required to determine its viability. The phosphorescence image of the eroded sample of 
coating type A shown in Figure 4.11, was used to test the principle of this approach. The 
results indicate that this approach has promise and are provided in Figure 4.25.  
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Figure 4.25. The ratio of the red and blue pixel image (left) and a cross-section of the ratio 
values (right) along the same line as for the results shown in Figure 4.19 denoted by the white 
line. The PDG measurements are plotted on the same x-axis for comparison. 
The ratio image shows that the ratio value is generally greatest where the coating is 
undamaged according to the three methods applied in Section 4.4.2.3. The ratio value 
decreases to a value of unity at the edges of the crater. As expected, the value in the erosion 
crater is below unity because the red emission is no longer present while the blue emission 
remains. There is a small area in the erosion crater which shows a higher ratio value than the 
majority. This is due to a low intensity of parasitic red light in this region. This region did not 
affect the other image processing routines because the intensity was below the threshold level 
but because the blue emission in this region is also low, the anomaly is detected.  
A cross-section of the ratio value was taken across the same line as the thickness profile 
shown in Figure 4.19. This cross-section is shown on the right of Figure 4.25 along with the 
PDG measurements. It can be seen that the ratio value generally has the same trend as the 
thickness measurements recorded with the PDG, with the exception of the left hand side of 
the plot from 2-8mm. Here the ratio value is increasing while the coating thickness shows a 
small decrease. This occurs for two reasons; one the high blue intensity at the edge of the 
sample and two a region of low blue intensity surrounding the erosion crater. Both of these 
observations were made in the phosphorescence images of all samples and cause the ratio 
value to deviate from the expected trend. The reason behind the sample edge effect is thought 
to be due to the deposition of the coating, as mentioned earlier in Section 4.4.2.2. The cause 
of the region of low blue intensity around the erosion crater may be due to damage in the 
remaining coating material induced during erosion impacts. The effect can be observed on the 
right plot in Figure 4.15 between 10mm and 15mm on the x-axis. For further illustration the 
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complete pixel intensity images for the red and blue pixels are shown in Figure 4.26 and 
similar results are observed in all other eroded samples. 
 
Figure 4.26. The red and blue pixel intensity images for the eroded sample of coating type A 
with white and black circles around the erosion crater, see text for details. 
The white circle on the red pixel image (Figure 4.26 left) signifies the area where the pixel 
intensity decreases due to thickness reduction of the YSZ:Eu layer by erosion. The KM 
modelling approach, see Section 4.4.2.1, predicted that as the thickness of the YSZ:Eu layer 
decreases, the blue intensity from the YSZ:Dy layer would increase. Contrary to this 
prediction the same area on the blue pixel image (Figure 4.26 right) shows a local decrease in 
intensity. However, as the red intensity approaches zero indicated by the black circle on the 
figures, there is a local increase in the blue emission. It is hypothesized that this local 
maximum of the YSZ:Dy signal may be caused by subsurface cracking parallel to the coating 
surface, which is the typical damage observed under the applied erosion conditions on 
EBPVD TBCs [35]. The erodent particles, in what has been termed Mode I erosion, cause 
subsurface lateral cracks in the near surface region of the coating, in the top 20µm. At the 
edges of the sample, where there is little erosion damage, there would be few of these cracks. 
However, at the edges of the erosion crater it is thought that these subsurface cracks act as 
barriers for the excitation and emission light reducing the signal from the underlying 
YSZ:Dy. By this principle, when the YSZ:Eu layer has been sufficiently eroded the lateral 
cracks forming deeper in the YSZ:Dy layer will allow the light to penetrate into this layer, 
thereby generating a local increase in signal, until erosion damage causes removal of material 
and the signal decreases. The proof of this hypothesis was deemed outside the scope of this 
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project but it may offer a means to detect subsurface damage using photoluminescent 
coatings before material removal has occurred. 
The ratio method presents a potential solution for the effect of non-uniform illumination of 
the coating. For practical application a similar approach could be applied to that suggested in 
Section 4.4.2.2. The degree of damage associated with a certain ratio value could be 
calibrated using coating samples of known thickness. However, both the edge effect and 
effect of subsurface damage would require more detailed consideration. 
4.5. Conclusions 
Sensor TBCs have been produced by the addition of rare-earth dopants in discrete layers. 
Two coating structures were designed to retain the same performance under thermal loading 
as a standard TBC while also having the objective of detecting 20% of coating thickness loss 
by erosion. Accordingly, the surface layer was 20% of the overall thickness and the material 
at the bond coat/ceramic interface was standard YSZ to avoid any unexpected 
incompatibility. Several samples of the coatings were produced for testing and the target 
layering was achieved without disruption to the microstructure of the coating. 
The performance of the multi-layered sensor coatings was compared to standard YSZ 
reference coatings. Both the sensor and reference coatings exhibited similar degradation 
when cycled to failure under thermal gradient conditions. Therefore, the addition of the 
doped layers did not appear to destabilise the coatings. The doped layers appeared to exhibit 
lower erosion resistance compared to the standard YSZ in erosion testing. This concurred 
with reported results, however, methods to overcome this reduction have been identified. It is 
possible to reduce the overall dopant concentration while maintaining the luminescent 
emission intensity by replacing the yttria addition with rare-earth to maintain the same 
fraction of zirconia in the composition. Furthermore, it was shown that the translucence of 
YSZ allows the phosphorescent emission from subsurface layers to be detected. YSZ layers 
can be applied onto thin doped layers to maintain the erosion resistance while retaining the 
capability of erosion detection. 
The samples which were eroded in the erosion tests were analysed using the phosphorescence 
imaging set-up. The coating design allowed the signal from the different dopant layers to be 
differentiated simply using the sensitivity of the colour pixels in the CCD camera. Based on 
this principle, two new image processing routines were developed and both were used to 
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quantify, for the first time, the extent of the erosion damage solely using the 
photoluminescent emission. The objective to detect 20% of coating thickness loss was met 
and surpassed by the first image processing routine. By segmenting the image into areas 
depending on which coating layer is present at the surface, a thickness reduction of 20% was 
detected when the surface YSZ:Eu layer was removed. Similarly a 40% reduction was 
detected when the subsurface YSZ:Dy layer was removed. The resolution of the damage 
detection was improved to at least ±5µm by the implementation of an alternative image 
processing routine. In this case the intensity of the emission was used to reconstruct the 
coating thickness such that thickness variations within a doped layer were detected. The 
results for a number of samples from both image processing routines showed good agreement 
with other thickness profiling methods. The validated results demonstrate that this technique 
is a viable option for erosion detection in TBCs. 
These techniques rely, however, on uniform excitation of the coating. The effect of non-
uniform illumination, caused by staining on the surface for example, was not investigated in 
this project. An alternative concept has been introduced as a potential method to overcome 
the effect of staining. Non-uniform excitation is compensated for by taking the ratio of the 
signal from the two doped layers. This concept has been highlighted as a potential solution 
should the requirement for uniform excitation limit the practical application of the other 
image processing routines in future development. 
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5. THERMAL HISTORY MEASUREMENT 
The following chapter covers the use of phosphorescent materials for the measurement of 
past thermal exposure, particularly within TBCs. As introduced in Section 1.4.2.4, permanent 
changes in the material induced by thermal exposure record the extent of the heat impact, 
allowing the past temperature to be determined. The technique is referred to as thermal 
history measurement. It is the aim of the investigation to understand the relationship between 
the permanent microstructural changes induced by thermal exposure and the phosphorescence 
properties. 
The first section (5.1) describes the investigation of three different phosphor materials, 
produced as powders via the sol-gel process. For the first time, energy transfer between the 
dopant ions and quenching sites at the edges of the crystallites is used to describe the effect of 
crystallite growth on the phosphorescent decay time. In addition, a number of different 
effects were studied including the effect of compaction and seeding with crystalline particles 
to consider how the phosphorescence properties change. 
The results of the materials investigation in the first section were used to inform a study using 
APS coatings, which is covered in the second section (5.2). A large number of coating 
samples were used to show that the temperature sensitivity range of the APS YAG:Eu 
coatings is between 300°C and 880°C. This range was extended to at least 1150°C by 
embedding the material in YSZ. Finally, a demonstration of the thermal history measurement 
is shown using a turbine blade coated with YAG:Eu and operated in a test bed gas turbine 
(5.3). The demonstration shows the profiling capability of the measurement technique which 
can be made irrespective of coating erosion and surface staining. 
5.1. Material investigation 
The first stage in the investigation into thermal history measurements was to experiment with 
different phosphor materials. This section covers the study of three different materials, 
namely YSZ:Er, Y2O3:Er,Yb and YAG:Eu. The reasons for the choice of these materials will 
be outlined at the beginning of each sub-section. 
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The investigation into the materials was used to identify suitable candidates for further 
investigation as coatings, but also to build a greater understanding of the relationship between 
the luminescence properties and the condition of the material. 
5.1.1. Sol-gel synthesis of phosphor powders 
The sol-gel process has been used for many decades for the synthesis of single and mixed 
oxide materials and one of the first applications was to produce optical coatings [227]. It is 
now widely used for the synthesis of ceramic materials in a research environment due to 
potentially higher purity and homogeneity of the product at lower processing temperatures 
compared to traditional methods, such as solid-state reaction routes which usually require 
temperatures in excess of 1000°C [228]. The process was employed during this project 
because the lower processing temperatures allow the material to be produced with small grain 
sizes or in the amorphous state. The effect of subsequent heat treatment after synthesis on the 
material and luminescence properties can therefore be studied. 
The process can be generalised into three main steps. First the precursors, typically alkoxides 
or nitrates, are mixed into a liquid to form sol. The term sol refers to dispersions of colloidal 
particles, solid particles in the nanometre size range. Second, a gel is formed by the 
networking of the colloidal particles to form polymeric chains. Finally the gel is dried to form 
a solid product. A gel is defined as dried when the physically adsorbed water is completely 
released which usually occurs between 100 and 180°C. When gel is dried at ambient pressure 
by thermal evaporation the result is called xerogel. The gel can be dried in supercritical 
conditions to produce aerogel [228]. In this case the liquid is replaced by gas so that the 
network does not collapse and the product has a very low density. 
Recently a research interest has developed for the production of TBCs by the sol-gel process, 
particularly at the University of Toulouse [229-231]. TBCs are constructed via dip coating to 
achieve a randomly structured pore network which provides a low thermal conductivity with 
good strain tolerance. The sol-gel route offers benefits in processing costs and flexibility, and 
the potential to repair damaged TBCs. Using the dip-coating method it is possible to produce 
multi-layered TBCs with control over the thickness, depth and concentration of dopants in 
each layer. Furthermore, the advances in the processing have demonstrated the durability of 
the coatings under cyclic oxidation at 1100°C [232]. 
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5.1.2. Yttria stabilised zirconia doped with erbium (YSZ:Er) 
One material included in the materials investigation was YSZ doped with erbium, YSZ:Er. 
This investigation was conducted in collaboration with Lisa Pin as part of a PhD research 
project at the University of Toulouse. YSZ:Er was chosen because the host is the industry 
standard for TBC applications and erbium has several advantages as the dopant ion. The 
energy level diagram in Figure 5.1 shows that the illumination with 532nm green light will 
directly excite electrons into the 
4
S3/2 level. There are practical benefits for the excitation with 
532nm light. This is the first harmonic of the YAG:Nd laser which is used in this research but 
also green lasers are widely commercially available at relatively low cost compared to those 
that operate at lower wavelengths. 
 
Figure 5.1. The energy levels of a free trivalent Er ion and the radiative transitions with the 
associated wavelengths. 
As described in Section 2.1, the probability of non-radiative relaxation is exponentially 
dependent on the size of the energy gap but also on the host material. Figure 5.1 shows that 
the energy gap between the 
4
S3/2 and 
4
F9/2 levels is approximately 3000cm
-1
. This energy gap 
is over 4 times the maximum phonon energy expected in YSZ therefore radiative relaxation 
from the 
4
S3/2 level is probable. The relaxation to the ground level, 
4
I15/2, causes emission at 
approximately 545nm. However, when phonons with energies of ~3000cm
-1
 are available the 
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probability of the non-radiative transition between the 
4
S3/2 and the 
4
F9/2 will be greater 
because the relaxation can occur by the release of a single phonon. Subsequent radiative 
relaxation from the 
4
S3/2 level to the ground level will cause emission at approximately 
660nm. 
5.1.2.1. Synthesis 
The contribution to the research by Lisa Pin was the synthesis of the YSZ:Er. The process 
steps have been refined to produce tetragonal YSZ coatings with the dip-coating process. 
Although coatings were produced, only the powders will be considered here. Batches of YSZ 
powders were produced with three different concentrations of erbium oxide (ErO1.5) using the 
sol-gel method at the University of Toulouse. The concentrations were (ZrO2)0.903-x 
(YO1.5)0.097(ErO1.5)x where x = 0.0065, 0.013, 0.0325, giving 1, 2 and 5 wt% ErO1.5 
respectively. 
The precursors for the sol were zirconium propoxide (Zr(OPr)4) (Sigma Aldrich), yttrium 
nitrate hexahydrate (Acros Organics), erbium nitrate hexahydrate (Acros Organics), and 1-
proponal was used as the solvent. To reduce the hydrolysis rate of the zirconium alkoxide, 
acetylacetone (AcAc) was used as a complexing agent [233]. The volume ratios of the 
(AcAc/Zr(OPr)4) and (H2O/Zr(OPr)4) were kept constant at 0.8 and 9.5 respectively. 
The YSZ sol was reduced to a gel by heating at 50ºC in a drying oven for 12 hours. The gel 
was dried in supercritical conditions for the 1-propanol in an autoclave (Parr Instrument, 
160mL) where it was maintained at 270ºC and 51 bar for two hours [230]. In the final hour 
the solvent was slowly released from the chamber and the autoclave was cooled to room 
temperature. Small batches of the three different compositions were synthesized to 
investigate the effect of erbium concentration. These batches were heat treated at 950°C. A 
larger batch of 2wt.% ErO1.5 (x=0.013), heat treated at 700°C, was used to investigate the 
effect of subsequent heat treatment. In all cases the samples were loose powder. 
5.1.2.2. Effect of dopant concentration 
The first part of the investigation into the YSZ:Er was on the effect of the Er concentration on 
the luminescence behaviour. This was done to find the preferred concentration to achieve the 
greatest emission intensity and also consider the effects of energy migration on the 
luminescence properties. 
5. Thermal history measurement  5.1. Material investigation 
 
 162  
 
 Crystal structure 
The non-transformable tetragonal phase is the desired crystal structure for YSZ in TBC 
applications. For the use of the sol-gel process and addition of dopant ions to be industrially 
relevant for TBC applications the synthesized powders should be in the tetragonal phase. The 
synthesized powders were analysed using x-ray diffraction to ensure that they were in the 
tetragonal phase. 
The x-ray diffraction patterns of the samples of different ErO1.5 concentration are shown in 
Figure 5.2. All patterns show good agreement with the tetragonal peak pattern, shown as 
vertical lines in the figure [234]. A Rietveld refinement routine was applied to the measured 
data using the FullProf software package, as described in Section 3.4.1.3. The P42/nmc space 
group was used to determine the unit cell parameters, a, b and c. The calculated c/a√2 ratio is 
approximately 1.01 for all samples, indicative of the non-transformable t’-phase [231]. This 
demonstrates that the addition of ErO1.5 does not change the phase and the sol-gel process can 
be used to produce tetragonal YSZ powders. 
 
Figure 5.2. The diffraction patterns of the YSZ:Er samples with 1, 2 and 5wt.% of ErO1.5 with 
the peaks for tetragonal YSZ shown as vertical black lines, from [234]. The close-up in the inset 
clearly shows the difference in separation between the 004 and 220 peaks as the ErO1.5 
concentration increases. 
The separation of the peaks associated with the Miller indices 004 and 220 at approximately 
73.3° and 74.1° indicates the shape of the crystal structure. The inset of Figure 5.2 shows that 
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there is decreasing separation of these peaks as the concentration of ErO1.5 increases. This 
observation is consistent with the structure approaching the cubic phase as the dopant ErO1.5 
has a similar effect to yttria addition [235]. The same effect has been observed by the author 
in YSZ doped with increasing levels of SmO1.5 [4]. 
 Phosphorescence properties 
The measured phosphorescence emission spectra for the three different concentrations are 
shown in Figure 5.3. Two main emission bands were observed, one between 540nm and 
565nm and the other between 640nm and 690nm. These bands have good agreement with the 
transitions identified from the energy level diagram shown in Figure 5.1. The lower 
wavelength band is due to the 
4
S3/2→
4
I15/2 transition (left of Figure 5.3) and the 
4
F9/2→
4
I15/2 
transition gives the higher wavelength band (right of Figure 5.3). The spectra in the different 
emission bands were captured separately. For the green emission the exposure time was one 
second and the laser pulse energy was 22mJ, whereas the exposure time and pulse energy was 
increased to five seconds and 31mJ respectively for the red emission. This was because the 
emission in the green region was significantly more intense than the red emission. The 
difference is reflected in the signal to noise ratio difference between the left and right plot in 
Figure 5.3. There is a sharp decrease in intensity at 540nm in the left plot of Figure 5.3 which 
is due to the 532nm laser rejection filter placed in front of the spectrometer lens. 
 
Figure 5.3. The emission spectra of the three different concentrations of YSZ:Er (left) in the 
green region associated with the 
4
S3/2→
4
I15/2 transition and (right) the red range of the spectrum 
due to the 
4
F9/2→
4
I15/2 transition. 
A fixed mass of 0.4g of loose powder of each sample was mounted in an open plastic holder 
in front of the spectrometer lens, as shown in Figure 3.12. The measurement settings were 
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kept constant when recording each emission band for the different samples. As such, the plots 
in Figure 5.3 indicate the relative change in emission intensity between the samples in the 
green and red emission bands. It is shown that the 2wt.% ErO1.5 sample had the brightest 
overall emission. However, the relative intensity of the peaks at different wavelengths varied 
for the different concentrations. This observation corroborates with previous reports [214] 
and is more clearly evident in Figure 5.4. The figure shows how the relative intensity of the 
four main peaks change with ErO1.5 concentration.  
 
Figure 5.4. The relative change in emission intensity with concentration of ErO1.5 for four peaks 
The peaks at 545nm and 562nm (blue and red markers) show the greatest intensity at 2wt.%. 
The intensity increases from 1wt.% to 2wt.% because there is a greater number of dopant 
ions to contribute to the emission. Exceeding 2wt.% though, causes a decrease in intensity 
due to concentration quenching, explained in the Luminescence theory section (2.1.6). 
The change in the intensity of the peaks at 655nm and 672nm (green and black markers) 
shows a different trend. The intensity increased with concentration of ErO1.5. This is thought 
to be due to increased energy migration between the dopant ions. At higher concentrations 
the density of the dopant ions increases so that the probability of energy migration increases. 
It is shown later in this sub-section in Figure 5.9 that there is evidence of phonon energies of 
3000cm
-1
 in YSZ:Er samples heat treated up to 1025°C. Since the samples used for the 
concentration investigation were heat treated at 950°C, it is highly likely that these phonon 
energies are present in the sample. Therefore, as the energy passes to different ions there is a 
higher probability that it will find a site where phonon energies are available to cause the 
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non-radiative relaxation to the 
4
F9/2 level. This process promotes 
4
F9/2→
4
I15/2 radiative 
transitions, hence increasing the intensity of the peaks at 655nm and 672nm relative to those 
at 545nm and 562nm. 
A difference was also observed in the phosphorescence decay time for the three different 
composition samples. The decay times of the samples were recorded with three different band 
pass filters, centred at 543nm (FWHM 22nm, Semrock), 561nm (FWHM 14nm, Semrock), 
and 680nm (FWHM 13nm, Semrock). The measured decay times with the 561nm band pass 
filter are shown in Figure 5.5. 
 
Figure 5.5. The phosphorescence decay of the 561nm peak for the three different concentration 
samples excited with 532nm. The solid lines show a single exponential fit when the initial 15µs 
was ignored for the fitting routine. A median filter of 10 data points is applied to smooth the 
data. 
In all samples, the recorded data shows an initial rapid decline followed by an exponential 
decay. To find the asymptotic exponential decay time a single exponential fitting routine was 
applied to the measured data using Equation 2.3 and a constant offset term. Due to the initial 
non-exponential feature the first 15µs of the decay was ignored for the fitting. The result for 
each sample is shown as a solid black line on the figure. Increasing concentration causes the 
duration and gradient of the initial decline to increase and the exponential decay time to 
decrease. 
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Comparing the decay measurements with the examples plotted in Figure 2.5, they are 
consistent with the energy transfer models that include energy migration. Furthermore, it has 
been stated that for a typical system with dipole-dipole interaction between donors that 
energy migration is likely to occur when the donor concentration is greater than 0.003 atomic 
percent (at.%) [142]. The atomic percent of Er is 0.2, 0.4 and 1.1at.% for the 1, 2 and 5wt.% 
samples respectively. It is, therefore, highly likely that energy migration occurs. 
In the measured data, the initial rapid decrease occurs for a measured duration and is at least 
the same as the exponential decay time (t/τd≥1). This description is consistent with both slow 
energy migration in the hopping model and the diffusion limited model. In this material there 
is only one type of dopant ion, ie. only donor ions. It is thought that the acceptors, which 
cause the decrease in the decay time, are sites which have a high probability of non-radiative 
relaxation, such as those in the vicinity of defects or irregularities in the crystal structure. 
These acceptor sites will be referred to as quenchers. The diffusion model was chosen for 
subsequent analysis because it is thought that the identical donors will cause donor-donor 
transfer to be more probable than donor-acceptor transfer. 
The hypothesis that the energy transfers to quenchers can be used to explain the difference 
observed in the decay times for the samples of different composition. After excitation, a high 
decay rate is observed due to ions located in the vicinity of quenchers. The energy only needs 
to migrate a short distance, if at all, to reach a site which causes non-radiative relaxation. 
Increasing the concentration of ErO1.5, increases the donor density. Accordingly, for the same 
density of quenchers, there are more donors in the vicinity of the quenching sites, therefore, 
the observed intensity decrease is more pronounced. Furthermore, energy transfer between 
donors is more probable so that the mean distance of energy migration is greater, allowing the 
non-exponential part of the decay to last longer.  
According to the diffusion limited energy transfer model, the decay becomes exponential as 
the energy transfer is limited by the diffusion constant. The density of the donors will affect 
the diffusion rate, causing a decrease in the exponential decay time for higher donor densities. 
This was observed for three different emission peaks, as shown in Figure 5.6. The same trend 
is observed for all emission peaks. The decay time appears to decrease approximately linearly 
with increasing concentration of erbium dopants. 
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Figure 5.6. The change in the exponential decay time with concentration of ErO1.5 for three 
different band pass filters in front of the detector. 
5.1.2.3. Effect of heat treatment 
Small batches of the 2wt.% ErO1.5 powder were heat treated at several temperatures up to and 
including 1200°C. The diffraction patterns of these powder samples are shown in Figure 5.7 
along with the reference peaks for tetragonal YSZ. The patterns show that the YSZ:Er 
powder remains in the tetragonal phase after heat treatment up to 1200°C for two hours. The 
as-synthesized sample exhibits broad peaks in the diffraction pattern indicating that small 
tetragonal crystallites are present. As the material is heat treated at increasing temperature, 
the breadth of the diffraction peaks decrease suggesting the growth of the crystallites. 
The broadening of the diffraction peaks may also be due to residual strain in the lattice. It was 
not possible to apply the strain analysis method, described in Section 3.4.1.2, to the data 
shown in Figure 5.7 due to the nature of the diffraction patterns. Only the peaks at 30° and 
62° correspond to a single Miller index. The proximity of the angular locations for all other 
peaks causes ambiguity in the determination of the FWHM because the separate peaks cannot 
be resolved, particularly in the samples heat treated below 950°C. Therefore, with only two 
peaks for the analysis there were not sufficient data points to form the Williamson-Hall plot. 
The decreasing broadening with heat treatment is, however, thought to be dominated by 
crystallite growth because the residual strain is not expected to decrease with heat treatment 
temperature. 
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Figure 5.7. The diffraction patterns for the samples heat treated for two hours at the denoted 
temperatures. The vertical lines indicate the positions of the peaks for tetragonal YSZ according 
to reference [234]. The Miller indices are provided for the peaks of particular interest. 
The average size of the crystallites was estimated using the Scherrer equation, given in 
Section 3.4.1.1. The average crystallite size is plotted against heat treatment temperature in 
the left of Figure 5.8. The sample heated at 1200°C is not included because the measurement 
was outside the range of applicability of the Scherrer formula. The maximum difference in 
the calculated crystallite size on 5 repeat measurement of the as-synthesized sample was 
0.1nm (1%). The crystallite size increases from 11nm in the as-synthesized sample to 90nm 
after heat treatment at 1100°C. The growth of the crystallites with temperature are in good 
agreement with reports in the literature [236, 237], indicating that the observed line 
broadening is dominated by the effect of the crystallite size. 
As described in Section 2.3, a plot of the natural logarithm of the crystallite size against 
inverse absolute temperature returns a linear relationship if the growth rate follows the well-
known Arrhenius equation. The data of the heat treated samples are presented in an Arrhenius 
plot on the right of Figure 5.8, with a linear best fit shown as a solid line. The poor agreement 
indicates that the growth rate is not constant with temperature. The increasing gradient of the 
measured data shows that the growth rate is increasing with temperature. 
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Figure 5.8. (Left) The change in crystallite size with heat treatment temperature for the 
YSZ:Er. (Right) The data are presented in an Arrhenius plot. 
The FTIR spectrum between 1000cm
-1
 and 4000cm
-1
 for different heat treatment 
temperatures is shown in Figure 5.9. The evidence of residual precursors decreases with heat 
treatment but remains detectable up to 1025°C. The troughs at 1350cm
-1
 and 1560cm
-1
 are 
due to asymmetrical stretches of the N-O bond and –OH bond respectively [238]. The broad 
band absorption between 3000cm
-1
 and 3600cm
-1
 is associated with the O-H stretching 
vibration. In the region below 800cm
-1
, not shown in the figure, a rapid drop in transmission 
is observed in all samples due to lattice phonon absorption. 
 
Figure 5.9. The FTIR spectra for the YSZ:Er heat treated for 2 hours at the denoted 
temperatures. 
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The phosphorescence emission spectra measured from the samples are shown in Figure 5.10. 
As for the samples of different ErO1.5 concentration, two different emission bands are 
observed, one in green (540nm-580nm) and the other in red (640-700nm). In this case, 
however, the two bands were recorded at the same time so the observed spectral range was 
limited between 535nm and 670nm, therefore the peak at 680nm was not recorded. The 
spectra are normalised to the most intense peak which is at 545nm for all samples. 
 
Figure 5.10. The emission spectra recorded from the YSZ:Er samples heat treated for 2 hours at 
the labelled temperature with excitation at 532nm. 
As labelled on the figure, the green and red bands are related to the 
4
S3/2→
4
I15/2 and the 
4
F9/2→
4
I15/2 transitions respectively. The plot shows there is a relative change in the intensity 
of the green and red emission bands in the spectra with heat treatment temperature. As the 
heat treatment temperature increases the red emission decreases, relative to the green 
emission. It is thought that the reduction in the number of high energy phonons due to heat 
treatment suppresses the non-radiative transition from the 
4
S3/2 level to 
4
F9/2 level. As shown 
in the FTIR data in Figure 5.9, the phonons associated with the residual precursors have 
energies of the same order of magnitude as the energy gap between the 
4
S3/2 and 
4
F9/2 levels 
(~3000cm
-1
). Where these high energy phonons are available the non-radiative relaxation is 
more probable because it requires the release of less phonons. The ratio between the red and 
green emission, therefore appears to be related to heat treatment temperature. This presents 
an opportunity to determine the thermal history of the material. 
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A further observation is a significant difference in intensity between the peaks associated 
with the 
4
S3/2→
4
I15/2 and the 
4
F9/2→
4
I15/2 transitions. The emission intensity of the 
4
F9/2→
4
I15/2 
is at most 10% of the 
4
S3/2→
4
I15/2 transition. This indicates that, despite the presence of high 
energy phonons allowing the non-radiative relaxation from the 
4
S3/2 to the 
4
F9/2 level, 
radiative decay from the 
4
S3/2 is still the dominant relaxation mechanism.  
The change in the decay time of the phosphorescence was also recorded using the same filters 
as for the different concentration samples. Similar to those samples, the decay exhibits an 
initial rapid decline followed by an exponential decay. Examples of measured decays are 
plotted in Figure 5.11, along with single exponential fit functions when the first 15µs of the 
curve was ignored.  
 
Figure 5.11. The phosphorescence decay of the 561nm peak excited with 532nm for YSZ:Er 
samples heat treated for two hours at the labelled temperatures. The solid lines show a single 
exponential fit when the initial 15µs was ignored for the fitting routine. 
Comparing the plots to Figure 5.5, shows that increasing the heat treatment temperature has a 
similar effect to reducing the dopant concentration. Increasing heat treatment temperature 
causes the duration and gradient of the initial feature in the phosphorescent decay to reduce 
and the exponential decay time to increase. 
The change in the exponential decay time with heat treatment temperature is shown in Figure 
5.12 for three different emission wavelengths, namely 543nm, 561nm and 680nm. The same 
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trend in decay time with treatment temperature is observed for all three emission bands. The 
decay time significantly increases until 1025°C. Above this temperature, the decay time 
appears to be constant within the error of the measurements, except at 680nm where it 
continues to increase to 1200°C. 
 
Figure 5.12. The change in decay time with heat treatment temperature for YSZ:Er excited with 
532nm and recorded with three different band pass filters, the centre wavelengths are given in 
the legend. The error bars represent the standard deviation on 30 measurements. 
The explanation provided for the increase in the decay time with heat treatment temperature 
is again related to the energy transfer to quenchers. It has been shown in Figure 5.8 and 
Figure 5.9 that the crystallite size increases and residual precursors decrease with higher 
temperature exposure. If the mean energy migration distance is assumed to remain constant 
for the same concentration level then the probability that the energy will be transferred to a 
quenching site will decrease as the grain size increases. This trend is observed in Figure 5.13 
which plots the decay time against the crystallite size. The decay time increases with 
crystallite size until 40-50nm. The decay time appears to reach an asymptotic value whereby 
further growth has negligible effect. Once the average crystallite size is above 40-50nm the 
decay time is no longer affected by energy transfer to the edge of the crystallite and hence it 
tends towards a value dictated by the crystal structure of the bulk material. 
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Figure 5.13. The change in decay time with crystallite size for three different emission bands 
when excited with 532nm. 
The diffusion limited energy transfer model, discussed in Section 2.1.6, is used to understand 
the effect of crystallite size on the decay time further. If it is assumed that the quenching sites 
can be treated as acceptors and the distance between the acceptors is much greater than the 
mean energy migration distance, i.e. energy migration is not limited by acceptors, then 
Equation 5.1 can be used to describe the change in decay time (τ) with the number of 
acceptors (na). It is thought that the energy migration interaction (αdd) and diffusion rate (D) 
are constant for a given material therefore the decay rate is linearly dependent on the number 
of quenchers (na).  
 
 
 
 
 
  
           
        Equation 5.1 
The dopant ions are expected to be randomly distributed throughout the material and the 
quenchers are considered to be those ions at the edges of the crystallites. Therefore, the 
number of acceptors is expected to be related to the surface area to volume ratio. As the 
crystallite size increases, the surface area to volume ratio is expected to decrease. For 
spherical particles, the surface area to volume ratio is inversely proportional to the radius. 
Aerogel powders are known to consist of a network of spherical particles which have joined 
regions, called necks. The more complex shape means that as the crystallites grow there will 
be an overall reduction in surface area which can be approximated with Equation 5.2, where 
S is the surface area and the subscript 0 indicates the initial surface area and r is the radius of 
the particles [239]. 
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  Equation 5.2 
Therefore, the crystallite radius squared is expected to be inversely proportional to the surface 
area to volume ratio, which is related to the number of acceptors. Then, reconsidering 
Equation 5.1, plotting the inverse crystallite size squared against the inverse of the decay 
time, τ, should give a linear relation where the gradient is a measure of the energy migration 
interaction and diffusion rate, and the intercept is the intrinsic decay rate (1/τd).  
 
Figure 5.14. The linear relationship between the decay rate and inverse crystallite size squared 
which is considered to be related to the number of acceptors. The R
2
 value is the coefficient of 
determination and indicates how well the data fit the model where 1 is a perfect fit. 
As shown in Figure 5.14, there is a good agreement between the measured results and the 
hypothesis. The three different emission bands have a linear relationship between the decay 
rate and the inverse crystallite size squared, which is related to the number of acceptors. The 
linear fit functions for the 543nm and 561nm bands follow approximately the same trend 
because they are associated with the same 
4
S3/2→
4
I15/2 transition while the other transition 
4
F9/2→
4
I15/2 at 680nm gives a slightly different trend. The difference in the gradient between 
the two transitions is consistent with a difference in energy migration coupling and diffusion 
rate. The higher indicated energy migration coupling and diffusion rate of the 680nm 
emission may be due to phonon assisted energy transfer processes.  
The equations for the linear fit functions are shown in the figure and the intercepts for each 
give an estimate of the intrinsic decay rate for the different emission peaks. The intrinsic 
decay rate is that of an isolated ion in the crystal where energy transfer does not occur. The 
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estimated values are 21800s
-1
, 22000s
-1
, 24400s
-1
 for the 543nm, 561nm and 680nm peaks 
respectively. There is very good agreement between the determined intrinsic decay rates for 
the same transition and the higher intrinsic decay rate of the 680nm line may be because non-
radiative 
4
F9/2→
4
I15/2 transition requires less phonons than the 
4
S3/2→
4
I15/2, hence the non-
radiative process is more probable and faster. 
5.1.2.4. Effect of heat treatment time 
Samples of the YSZ:Er were heat treated at 800°C, 950°C and 1100°C for 1, 4 and 8 hours to 
investigate the effect of the duration of the thermal exposure on the material and luminescent 
properties. The change in the decay time with the duration of the thermal exposure is shown 
for 800°C and 950°C in Figure 5.15. The results are normalised to the value at two hours to 
observe the relative difference the decay values have to those plotted in Figure 5.12.  
 
Figure 5.15. The change in decay time with duration of heat treatment at (a) 800°C and (b) 
950°C for three different emission bands. 
The change in decay time with the duration of thermal exposure is approximately the same 
for all emission peaks. Overall there is a small but significant change in decay time as the 
duration increases from one to eight hours. The rate of increase decreases with exposure time 
such that the difference between exposures for four and eight hours are within the error of the 
measurement. Furthermore, no significant change was measured in decay time for the 
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samples exposed at 1100°C. Using a linear interpolation approximation between the data 
points in Figure 5.12, the increase in decay time for a four-fold increase in exposure duration, 
from two to eight hours, is equivalent to less than a 1.5% increase at 800°C (<10°C) and 
approximately 3% increase at 950°C (<30°C). 
The results in Figure 5.15 reveal that the temperature of the heat treatment has greater 
influence on the decay time than the duration. The same observation has been made for the 
growth of YSZ nanopowders during thermal exposure [240]. The changes in the decay time 
reflect the growth mechanism of the YSZ crystallites. The growth of the crystallites related to 
the duration of the heat treatment at 800°C is shown in Figure 5.16. The crystallite size only 
increases approximately 2nm (15%) with an eight-fold increase in exposure time. 
Furthermore, the rate of growth decreases with extended time. The effect of extended 
exposure times, therefore has the inverse effect to higher temperatures for which an increase 
in the growth rate is observed (Figure 5.8). 
 
Figure 5.16. The change in crystallite size with the duration of the heat treatment at 800°C. 
In order to assess whether the limited change in decay time with the duration of heat 
treatment is due to the growth of the crystallites the measured decay times were compared to 
the crystallite size measurements for the samples heat treated at 800°C. As shown in Figure 
5.17, the results are overlaid on the plots shown in Figure 5.14 to visualise the difference 
between the effect of temperature and of time on the relationship between the decay rate and 
surface area to volume ratio. The data points for the samples exposed at 800°C are shown as 
asterisks on Figure 5.17. The points have reasonable agreement with the existing linear trend 
although if taken in isolation they seem to follow a slightly different trend. The results 
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indicate that crystallite size is an important factor in the decay time, however, it may not be 
the complete answer. Changes to the release of residual precursors or the shape of the 
crystallites may also contribute to the decay time. Further investigation using microscopic 
analysis techniques, such as scanning electron microscopy, could generate a better 
understanding of the structure of the powder on a microscopic level. 
 
Figure 5.17. The results for the change in decay time for different heat treatment durations 
overlaid on Figure 5.14. The crosses are the samples heat treated at different temperatures and 
the asterisks are the samples heat treated for the indicated times at 800°C. 
5.1.2.5. Summary of YSZ:Er results 
The YSZ:Er powder was in the desirable t’-phase in the as-synthesized state. Heat treatment 
only caused the growth of the crystallites and the material remained in the t’-phase. The 
phosphorescence properties were affected by the dopant concentration and heat treatment. 
Decreasing the dopant concentration has a similar effect to increasing heat treatment 
temperature. The explanation for this observation is related to energy transfer and migration 
to quenching sites. The probability of this process is decreased by reducing the dopant 
concentration and increasing the thermal exposure. It was shown, for the first time, that there 
is a relationship between the crystallite size and the decay time of the phosphorescence. The 
decay time increases rapidly as the crystallite size increases above 10nm. Above 40nm the 
decay time approaches an asymptotic value. 
The material exhibits potential as a thermal history sensor. Both the emission spectrum and 
the decay time changed monotonically with heat treatment temperature. The changes in both 
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could be used to record temperatures up to 1100°C for a heat treatment duration of 2 hours. 
Furthermore, increasing the duration of the thermal exposure caused only a slight increase in 
the decay time which was related to a small increase in the crystallite size. The results 
demonstrate that the industry standard material, YSZ, can be doped to be used as a thermal 
history sensor.  
5.1.3. Yttria doped with erbium and ytterbium (Y2O3:Er,Yb) 
The second material under investigation was yttria doped with erbium and ytterbium 
(Y2O3:Er,Yb). Yttria is widely used as a host material for phosphors and is stable to high 
temperatures. The benefits of erbium were outlined in the previous section on YSZ:Er. The 
addition of ytterbium is often used to promote the upconversion luminescence mechanism, 
which of practical interest particularly for telecommunications [241]. However, the 
upconversion luminescence was not directly used in this project because a suitable excitation 
source was not available. 
The energy level diagram of free trivalent Er and Yb ions is shown in Figure 5.18. As for 
YSZ:Er, illumination of Y2O3:Er,Yb with 532nm is expected to directly excite the Er ions to 
the 
4
S3/2 level and radiative decay will occur from this level and the 
4
F9/2 level to the ground 
level 
4
I15/2 resulting in green and red emission at approximately 545nm and 660nm.  
The introduction of the Yb is expected to cause a number of additional transition pathways. 
Many researchers have investigated the upconversion properties of Y2O3:Er,Yb all describing 
different transition possibilities when 980nm excitation is used to directly excite the 
2
F5/2 
level in Yb [242-245]. A common observation is the transfer of energy from the 
2
F5/2 level in 
Yb ion to the 
4
I11/2 level in the Er ion. If the 
4
I15/2 level is already occupied the energy transfer 
causes excitation to the 
4
F7/2 level in Er. From this level the relaxation occurs through the 
pathway described for a solely Er doped material. Therefore, the same emission is observed 
for direct excitation and upconversion luminescence.  
The effect of increasing Er content on the luminescent properties of a material was studied 
using the YSZ:Er material. In this section, the Er concentration was fixed while the Yb 
concentration was varied to determine whether this had an effect on the emission intensity 
through direct excitation with 532nm light. The concentration with the brightest emission was 
used for further investigations into the effect of heat treatment. 
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Figure 5.18. The energy levels of a free trivalent Er and Yb ion and the radiative transitions 
with the associated wavelengths. The upconversion mechanism is shown in blue. 
5.1.3.1. Synthesis 
A similar process was followed to that described by Cho et al. in the synthesis of Y2O3:Eu 
[246]. Four small batches (~5g) of different ytterbium concentrations were produced so that 
the compositions were Y1.98-xEr0.02YbxO3 where x = 0, 0.02, 0.08, 0.12 (0, 2, 8, 12mol.% 
YbO1.5 respectively). Two large batches were produced with composition Y1.96Er0.02Yb0.02O3. 
The first batch was produced solely by the author (Batch A). The second batch was 
synthesized by Romain Blanc, a MSc student from the Materials Department of Imperial 
College under the supervision of the author (Batch B). 
The required amounts of yttrium nitrate, erbium nitrate and ytterbium nitrate (all reagent 
grade, Alfa Aesar) were dissolved in 2-methoxyethanol on a stirring plate. During stirring, 
citric acid was added to the solution so that the metal cations to citrate anions ratio was 1:2. 
Once the acid was dissolved, the transparent solution was heated to 75°C on a heating plate 
until a yellow foaming gel was formed. The gel was decomposed at 250°C in a furnace for 12 
hours. After decomposition, the brown foam product was further heat treated for calcination. 
The calcination conditions for the different synthesized samples are given in Table 5.1. The 
resultant grey powders were then heat treated for 30 minutes at a range of temperatures up to 
1100°C and 1200°C for Batches A and B respectively. The two batches were compared 
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against each other to estimate the consistency in the measurements and the effect of the 
material condition on the as-synthesized state. 
Table 5.1. A summary of the calcination conditions for the different batches 
Calcination 
conditions 
Samples of different 
concentration 
Y1.96Er0.02Yb0.02O3 
Batch A 
Y1.96Er0.02Yb0.02O3 
Batch B 
Temperature (°C) 500 600 600 
Duration (hr) 12 24 12 
 
5.1.3.2. Effect of dopant concentration 
The decay time for the as-synthesized samples of different concentrations is shown in Figure 
5.19. As observed for the YSZ:Er samples there is a short non-exponential decline in 
intensity followed by an exponential decay. This is consistent with the energy migration and 
transfer between dopant ions. The figure also shows that the rate of the decay is dependent on 
the concentration of Yb dopants. 
 
Figure 5.19. The phosphorescence decay for the four different concentration samples excited 
with 532nm light and measured using a filter centred at 561nm. The solid lines show a single 
exponential fit when the initial 9µs is ignored for the fitting routine. A median filter of 10 data 
points is applied to smooth the data. 
The change in decay time with concentration of YbO1.5 can be more clearly seen in the left of 
Figure 5.20. The figure plots the exponential decay time determined from the fit of the 
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measured decay data shown in Figure 5.19. It shows that adding YbO1.5 to Y2O3:Er causes an 
increase in the decay time until 12mol.% which has a lower decay time than the Y2O3:Er 
without Yb. 
The effect of YbO1.5 concentration on decay time is similar to the change in intensity of the 
green emission, shown in the right plot of Figure 5.20. The intensity increases with addition 
of 2mol.% YbO1.5, however further addition causes the intensity to decrease. 
 
Figure 5.20. The change in (left) decay time and (right) intensity with Yb concentration. The 
error bars on the decay time are the standard deviation of thirty measurements. The intensity 
was determined by integration of the decay time at 561nm and integration of the spectrum 
between 540nm and 570nm. 
The proposed reason for the significant increase in intensity and decay time due to the 
addition of 2mol.% YbO1.5 is unintended upconversion. Although 532nm laser light was used 
to excite the phosphor samples, some trace of the fundamental laser wavelength, 1064nm, is 
present in the output laser. Luminescent emission from the Yb transition 
2
F5/2→
2
F7/2 has been 
observed in codoped samples at 1080nm [242]. Furthermore, emission from the same 
transition has been observed after excitation with 1064nm [247]. These observations indicate 
that the Yb ions can be excited to the 
2
F5/2 level by 1064nm light. The trace 1064nm light in 
the YAG:Nd laser used for excitation introduces the possibility of the upconversion pathway 
so that the green and red emission can be enhanced by the excitation of the Yb ion. This 
results in greater emission intensity as the upconverted luminescence contributes to the Er 
emission. The upconversion transitions extend the duration of the decay process, and 
therefore increases the decay time.  
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Energy transfer from the Er to the Yb has also been observed [244, 248]. Accordingly, the 
energy can migrate through the different dopant ions in the material. Increasing the 
concentration to 8mol.% or 12mol.% YbO1.5, therefore, causes concentration quenching 
effects by increasing the probability of energy transfer to quenching sites due to greater 
migration distances.  
The 2mol.% YbO1.5 sample exhibited the maximum emission intensity and hence the greatest 
signal-to-noise ratio. This concentration was, therefore, chosen for further investigations into 
the effect of heat treatment. 
5.1.3.3. Effect of heat treatment 
The diffraction patterns of the Y2O3:Er,Yb (2mol.% ErO1.5 and YbO1.5, Batch A) samples 
heated at different temperatures for 30 minutes are shown in Figure 5.21, along with the 
pattern for the as-synthesized sample of Batch B. The peaks in all of the patterns correspond 
to those of crystalline cubic Y2O3 [249]. Heat treatment causes the peaks to become narrower 
and more defined, consistent with the growth of the crystallites, as observed in the YSZ:Er 
material. These results are consistent with reports in the literature which show that the 
crystalline phase is present after heat treatment at 500°C [250]. There is good agreement 
between patterns for Batch A and B in the as-synthesized condition. The peaks in the Batch A 
measurement are narrower, consistent with larger crystallites sizes due to the longer duration 
of the final heat treatment. 
The FWHM of the peaks in the diffraction patterns were determined and used to form the 
Williamson-Hall plot as described in Section 3.4.1.2. The results indicated that the strain was 
less than 0.5% in all samples, consistent with values provided in the literature for doped yttria 
powder [199]. The low value for residual strain implies it has negligible effect on the line 
broadening.  
Since the effect of strain was ruled out, the average size of the crystallites was estimated from 
the XRD data using the Scherrer equation. The results up to 1000°C are plotted in the left of 
Figure 5.22, the measurements above 1000°C were outside the limits for the applicability of 
the Scherrer equation. The plot shows that the crystallite size for Batch A and B was 15.4nm 
and 12.6nm respectively. The difference is due to the duration of the final heat treatment in 
the synthesis procedure. The duration for Batch A was 24 hours, twice the length of the 
treatment for Batch B. The longer duration allowed continued crystallite growth so that the 
size in the as-synthesized powder was 20% larger. 
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Figure 5.21. The diffraction patterns for the Y2O3:Er,Yb samples heat treated for 30 minutes at 
the denoted temperatures. The vertical lines indicate the positions of the peaks for Y2O3 from 
[249]. 
Further heat treatment below the final synthesis heat treatment temperature, 600°C, caused no 
significant change to the crystallite size for Batch A but a 2% increase was observed for 
Batch B. For both batches there was rapid growth of the crystallites above 600°C. To assess 
the rate of the growth of the crystallites with temperature the measurements are shown in an 
Arrhenius plot in the right of Figure 5.22. As described in Section 2.3, a linear relationship on 
this plot indicates a constant growth rate with temperature. The figure shows there are two 
regimes in the plot, labelled I and II. In regime I the data follow an approximately horizontal 
line on the Arrhenius plot. The data points in regime II for both batches follow a linear 
relationship with steep gradient. 
In regime I the data points for Batch A below 600°C follow a horizontal line indicating that 
the growth rate is approximately zero. There is a slight increase observed in the same range 
for Batch B. The slight difference in the behaviour of the two batches may be due to the 
smaller starting crystallite size of Batch B. The growth of the nanocrystals is thought to occur 
by coalescence of the particles. Smaller crystals have been found to be more prone to 
coalescence due to their larger surface fraction and energies [175]. Therefore, coalescence 
will occur at lower energies for the smaller crystallite sizes in Batch B compared to Batch A. 
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Figure 5.22. (Left) The change in crystallite size with heat treatment for 30 minutes and (right) 
the data presented in an Arrhenius plot with a linear best fit for the data points above 600°C. 
The data for both batches in regime II were fit with linear best fit lines. The growth of the 
crystallites follows an Arrhenius relationship indicating the growth is temperature dependent. 
It is thought that the thermal energy is sufficient to cause coalescence and growth of larger 
crystallites increasing the average crystallite size. 
The FTIR spectra between 1000cm
-1
 and 4000cm
-1
 for the Y2O3:Er,Yb samples are shown in 
Figure 5.23. There is similarity between the transmittance of the YSZ:Er samples, shown in 
Figure 5.9, and the Y2O3:Er,Yb samples due to the similar precursors used in both synthesis 
procedures. The troughs at 1350cm
-1
 and 1560 cm
-1
 are due to asymmetrical stretching of the 
N-O bonds and the -OH bonds respectively. The broad band absorption between 3000cm
-1
 
and 3600 cm
-1
 is due to O-H stretching vibration. The evidence of residual precursors 
decreases with heat treatment temperature, until it is no longer detectable after 1000°C.  
The region below 1000cm
-1
 is associated with phonons in the crystal lattice. This spectral 
region was not included on the figure to concentrate on the evidence of residual precursors. In 
this region, a gradual decrease in transmittance was observed related to lattice vibrations. A 
large trough at 550cm
-1
 indicated the highest energy lattice phonons, consistent with 
reference [135]. 
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Figure 5.23. The FTIR spectra for the Y2O3:Er,Yb heat treated for 30 minutes at the denoted 
temperatures. 
The emission spectra of the Y2O3:Er,Yb samples excited with 532mn are shown in Figure 
5.24. The spectra are normalised to the peak emission which is at 565nm in all cases. As for 
the YSZ:Er samples, there are two distinct emission bands, one at 545-565nm due to the 
4
S3/2→
4
I15/2 transition and another at 650-670nm due to the 
4
F9/2→
4
I15/2 transition. The green 
emission related to the 
4
S3/2→
4
I15/2 transition is over ten times more intense than the red 
emission. The ratio of the green intensity to the red intensity changes with heat treatment 
temperature. The explanation for this behaviour is the same as for the YSZ:Er material. The 
energy gap between the 
4
S3/2 and 
4
F9/2 levels is approximately 3000cm
-1
. It was shown in 
Figure 5.23 that high energy phonons are available in the samples heat treated below 1000°C 
due to bonding with residual precursors. These high energy phonons increase the probability 
of non-radiative transition from the 
4
S3/2 to the 
4
F9/2 level, increasing the probability of 
radiative 
4
F9/2→
4
I15/2 transition.  
A further observation can be made when comparing the spectra of the Y2O3:Er,Yb samples to 
the YSZ:Er samples shown in Figure 5.10. In both cases the observed emission bands are 
related to the same transitions in the Er ions. However, Figure 5.24 shows more defined 
peaks in comparison to Figure 5.10. The crystal field surrounding the dopant ions in YSZ 
compared to Y2O3:Er,Yb is different. This alters the Stark splitting, as described in Section 
2.1.4, hence the appearance of the emission peaks differ but the wavelength range of the 
emission bands are the same. 
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Figure 5.24. The emission spectra recorded from the Y2O3:Er,Yb samples heat treated for 30 
minutes at the labelled temperatures with excitation at 532nm. 
Examples of the phosphorescence decays of the Y2O3:Er,Yb samples are shown in Figure 
5.25. Similar to the samples of different concentrations, the phosphorescence decreases 
rapidly after the excitation pulse then the decay becomes exponential. The single exponential 
fit functions, shown as solid black lines in Figure 5.25, are applied to the measured data 
ignoring the first 25µs. As for the YSZ:Er samples, both the initial rapid intensity decrease 
and the exponential decay are dependent on the heat treatment temperature. Higher exposure 
temperatures reduce the duration and gradient of the initial decline. The exponential decay 
time also increases with temperature. 
The exponential decay times are determined from the fit function for all the samples. The 
change in the decay time is plotted against temperature for both batches in Figure 5.26. The 
same general trend is exhibited by the increase in decay time with heat treatment temperature 
for both batches. The decay time rapidly increases above the synthesis temperature, 600°C, 
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and continues increasing to the maximum heat treatment temperature, 1200°C. The rate of the 
increase slows at temperatures above 1000°C. 
 
Figure 5.25. The phosphorescence decay of the 561nm peak excited with 532nm for Y2O3:Er,Yb 
samples heat treated for 30 minutes at the labelled temperatures. The solid lines show a single 
exponential fit when the initial 25µs is ignored for the fitting routine. A median filter of 10 data 
points is applied to smooth the data. 
 
Figure 5.26. The dependence of the decay time of the 561nm emission after excitation with 
532nm on the heat treatment temperature for both batches of Y2O3:Er,Yb. The error bars 
represent the standard deviation on 30 repeat measurements. 
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The difference between the decay times at low temperatures for the two different batches is 
12%, which is significant compared to the 1% experimental error. The significant difference 
between the two results is considered to be related to the difference in the crystallite size and 
remaining residual precursors. As shown in Figure 5.22, the crystallite size for the two 
materials were measured to be 15.4nm and 12.6nm and is a consequence of the shorter final 
thermal exposure of the synthesis procedure for Batch B compared to Batch A. Furthermore, 
the decay times of Batch A samples increase with heat treatment from the as-synthesized 
condition to 600°C by 3%. While the decay time of the Batch B samples increases by 11%. 
This may be explained by the difference in the crystallite growth mechanism for the two 
batches which was described previously.  
The difference in the decay time increase with heat treatment for the two different batches 
has been explained by the difference in crystallite size. The surface to volume ratio for larger 
crystallite sizes will be lower than for smaller crystallites, therefore, the relative number of 
acceptors will be less for larger crystallites. The yttria powder has been shown to form 
spherical crystallites during sol-gel synthesis and heat treatment [241]. The surface area to 
volume ratio is therefore proportional to the inverse of the crystallite radius. As described for 
the YSZ:Er powder, the surface to volume ratio is considered to be related to the number of 
acceptors. For the yttria powder the ratio is proportional to the inverse of the crystallite size. 
Therefore, according to Equation 5.1, the measured decay rate should have a linear 
relationship with the inverse of the crystallite size. The plot in Figure 5.27 shows that the 
measured results provide a good agreement with this theory. The results from both batches 
are plotted and exhibit very similar trends. The intrinsic decay rate is 16100s
-1
 and 15800 s
-1
 
for Batch A and B respectively giving intrinsic decay times of 62µs and 63µs. The similarity 
between these values provides an indication of the consistency of the production process.  
The trend observed in the measurements from Batch B at high decay rates deviates from the 
linear trend. Here, the decay rate increases more rapidly which indicates that there is greater 
probability of the excitation energy reaching quenching sites. It is speculated that the change 
in the trend is related to effect of residual precursors. The shorter calcination time for Batch B 
appears to cause a lower average crystallite size but it is also likely to cause a greater amount 
of residual precursors in the final product. As these are removed with subsequent heat 
treatment it is expected to increase the decay time. The combination of the release of residual 
precursors and the 2% growth of the crystallites may cause the different trend on the right 
side of the plot in Figure 5.27. At larger crystallite sizes, hence higher exposure temperatures, 
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the agreement with the linear trend is consistent with crystallite size being the dominant 
effect on the decay time. 
 
Figure 5.27. The linear relationship between the decay rate and inverse crystallite size which is 
considered to be related to the number of acceptors. 
5.1.3.4. Summary of Y2O3:Er,Yb 
The as-synthesized Y2O3:Er,Yb material was crystalline and subsequent heat treatment 
caused the growth of the crystallites. Heat treatment was shown to affect the phosphorescence 
by decreasing the probability of the 
4
F9/2→
4
I15/2 transition (650-670nm) and increasing the 
decay time. The effect on the decay time was related to the growth of the crystallites. The 
smaller average crystallite size observed in the as-synthesized Batch B material caused a 
more significant increase in the decay time at lower temperatures compared to Batch A. This 
was explained by the higher probability of coalescence of the smaller particles at lower 
temperatures in the Batch B material. For the Batch B samples, there was a monotonic 
increase in the decay time from the as-synthesized state to 1200°C for a heat treatment 
duration of 30 minutes. This suggests that Y2O3:Er,Yb could be used as a thermal history 
sensor in the operating temperature range of TBCs. 
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5.1.4. Yttrium aluminium garnet doped with europium 
(YAG:Eu) 
YAG has several benefits as the host material for a phosphorescent thermal history sensor. 
The material is commercially available and widely used as a phosphor for solid state lasers, 
for example in the research described here, and in light-emitting diodes [210, 211]. 
Furthermore, it has been shown to have beneficial properties when embedded into a YSZ 
TBC. Doped YAG can be added into a matrix of YSZ to enable phosphor thermometry at 
temperatures higher than for purely doped YSZ material [251, 252]. It has also been reported 
to act as an oxidation barrier in TBCs increasing their life by the reducing the growth of the 
TGO [209, 212]. 
Europium is also widely used for phosphor applications. In a number of host materials it is 
used to produce red light in both divalent and trivalent form. The energy levels for a free 
trivalent Eu ion are shown in Figure 5.28. It is expected from the diagram that illumination 
with 532nm will directly excite electrons to the 
5
D1 level from where they will non-
radiatively relax to the 
5
D0 level. From here there is a large energy gap, approximately 
12500cm
-1
, to the lower energy levels, therefore the relaxation will be predominantly 
radiative. The transitions from the 
5
D0 level to the 
7
FJ levels will give emission bands 
covering the orange to red region of the visible spectrum.  
 
Figure 5.28. The energy levels of a free trivalent Eu ion and the radiative transitions with the 
associated wavelengths. 
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Using low temperature synthesis methods, it has been shown that YAG can be produced in 
the amorphous form and that heat treatment between 800°C and 900°C causes crystallisation 
[170, 253]. When doped with europium, the effect of the processing techniques and annealing 
temperatures on the luminescence spectrum [254, 255], emission intensity [256-258] or both 
[256] have been measured. The concentration of the europium ions varies between 0.03 and 
2.1 at.% with 1.3 at.% [259] and 2 at.% [257] quoted as giving the greatest emission intensity 
in different reports. A study has shown, however, that increasing the dopant concentration 
reduces the temperature at which crystallisation occurs [255]. Higher crystallisation 
temperatures are preferred for thermal history measurements in TBCs in order to reach the 
required operating temperature range. The selected Eu concentration in this research was 
0.75at.% because this not only provided a compromise between emission intensity and 
crystallisation temperature, it also matched the composition of spray powder available at 
SCS. 
5.1.4.1. Synthesis 
A citrate – nitrate method was followed for the synthesis of the YAG:Eu similar to that 
described in reference [256]. The composition of the synthesized material was 
Y2.85Eu0.15Al5O12 (Eu = 0.75 at.%). 
The required amounts of aluminium nitrate and yttrium nitrate (both reagent grade from Alfa 
Aesar) were mixed into 600ml of water while stirring. Once these dissolved the desired 
amount of europium nitrate (reagent grade, Alfa Aesar) was added to the solution. After 
dissolution, citric acid was added so that the molar ratio of the citric acid and metal ions was 
equal. The solution was heated to 60°C while stirring for 24 hours. The resultant yellow gel 
was heated in a decomposition furnace at 140°C for 15 hours to evaporate the water. The 
powder was ground in a pestel and mortar and further heated at 300°C for 3 hours and 550°C 
for 15 hours in a decomposition furnace. The final product was a black ash-like powder. 
Samples of loose powder were taken after each of the heat treatment procedures and samples 
of the final product were heat treated for 30 minutes between 600°C and 1250°C, resulting in 
a white powder. 
5.1.4.2. Effect of heat treatment 
The diffraction patterns of the YAG:Eu samples heat treated at different temperatures for 30 
minutes are shown in Figure 5.29. The patterns show that in the as-synthesized condition the 
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material was amorphous. The material remains amorphous after heating at 700°C, and a small 
peak at 33° indicates evidence of a small degree of crystalline material after 800°C. Heating 
to 850°C causes crystallisation of the material into the YAG crystal. Above 850°C the 
material remains crystalline with mainly the YAG phase. In the intermediate temperature 
range, 875-950°C, additional peaks are observed in the diffraction patterns. Two of these 
peaks, at 18° and 45°, are highlighted with arrows on the figure. The presence of these 
additional peaks is consistent with a mixture of phases in the material. The dominant features 
in the pattern are indicative of the YAG phase, however these relatively small peaks indicate 
the existence of hexagonal YAlO3, referred to as yttrium aluminium perovskite or YAP. This 
observation is consistent with previous reports which state that the formation of YAP occurs 
at 890-950°C then the transformation to the complete YAG phase occurs at 950-1050°C 
[260]. Further investigations have shown that YAP forms in the temperature range between 
900°C and 1100°C but is dependent on the duration of the heat treatment. If the heat 
treatment extends for over 10 hours the intermediate phase does not precipitate and the 
amorphous material directly forms the garnet phase [261]. The difference in phase evolution 
with exposure time would affect the luminescence properties and hence the thermal history 
measurements. To limit this effect, the material would require calibration at the operation 
exposure duration. 
 
Figure 5.29. The diffraction patterns for the YAG:Eu samples heat treated for 30 minutes at the 
denoted temperatures. The vertical lines indicate the positions of the peaks for YAG from [262] 
and arrows indicate peaks only observed up to 950°C. 
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The diffraction patterns recorded from the samples heat treated at 1000°C and above show 
the sole presence of the YAG phase. The diffraction peaks become increasingly narrow at 
higher heat treatment temperatures. The effect of residual strain on the line broadening was 
assessed using the Hall method described in Section 3.4.1.2. The results, presented in Figure 
5.30, follow a linear trend with a positive gradient indicative of the presence of residual 
strain.  
 
Figure 5.30. The Williamson-Hall plot showing the relationship between the FHWM of the 
diffraction peaks, B, and the Bragg angle, θ. 
The gradient of the fit lines, and therefore the strain, in all samples were similar giving a 
strain of approximately 1%. The crystallite size was calculated from the intercept value given 
by the best fit line. As shown in the left of Figure 5.31, the crystallite size increases with the 
temperature of the heat treatment. The data are presented on an Arrhenius plot in the right of 
Figure 5.31. The measured results show good agreement with a linear relationship which 
indicates that the growth of the crystallites is temperature dependent. A similar gradual 
growth has been observed previously in YAG nanocrystallites synthesized by a sol-gel 
process [263]. In that case, the growth was explained by a mechanism called oriented 
attachment. Adjacent particles reorientate themselves so that they have a common 
crystallographic orientation and then attach to form a larger particle. It is possible that the 
crystallite growth observed in this research occurs by the same mechanism. 
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Figure 5.31. (Left) The change in crystallite size of the YAG:Eu samples. (Right) The data 
presented in an Arrhenius plot with a linear best fit line. 
The FTIR spectra between 1000cm
-1
 and 4000cm
-1
 for different YAG:Eu samples are shown 
in Figure 5.32. The samples taken during the synthesis process are shown alongside those 
after the complete process.  
 
Figure 5.32. The FTIR spectra for YAG:Eu taken during the synthesis after decomposition 
heating and the synthesized samples after heat treatment for 30 minutes at the denoted 
temperatures. 
The familiar troughs in transmission are present at 1350cm
-1
 and 1560 cm
-1
 associated with 
the nitrate and hydrate bonding. The broad band absorption between 3000cm
-1
 and 3600cm
-1
 
due to stretching hydrate vibrations was also present. The evidence of these residual 
precursors decreased with increasing thermal exposure. Heat treatment at 300°C caused a 
reduction in the absorption due to the stretching hydrate vibrations, indicating the evaporation 
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of absorbed water. When the powder was heated at 550°C to produce the as-synthesized 
product there was a marked reduction in all the transmission troughs. Further heat treatment 
of the as-synthesized material caused further reduction of the precursors until after 900°C it 
was no longer possible to detect their presence. 
Figure 5.33 shows the FTIR spectra between 400cm
-1
 and 1000cm
-1
 for a selection of the heat 
treated YAG:Eu samples. The transmission troughs in this energy range are related to the 
lattice phonons due to metal-oxygen bonding [256]. The figure shows that as the heat 
treatment temperature increased the phonon bands become more defined, indicating a greater 
degree of crystallisation, consistent with the findings from the diffraction patterns. The 
spectra also show the presence of phonons with energies up to 780cm
-1
, however this is still a 
factor of 16 smaller than the energy gap between the 
5
D0 and 
7
FJ levels, so that radiative 
relaxation is expected. 
 
Figure 5.33. The FTIR spectra for YAG:Eu heated at the denoted temperature for 30 minutes. 
Figure 5.34 shows the emission spectra of the YAG:Eu powder samples heat treated at 
various temperatures for 30 minutes. Five emission bands are observed associated with the 
five radiative transitions from the 
5
D0 level given in Figure 5.28 and labelled on Figure 5.34. 
When the material is largely amorphous after heat treatment at 800°C, the spectrum shows 
broad band features. As the heat treatment temperature increases and the material crystallises, 
the broad features form distinct peaks in the same wavelength ranges. This behaviour is 
consistent with previous observations [122] and the theory of spectral broadening due to 
variations in the energy level splitting. It is particularly visible at 605-635nm for reasons that 
will be explained later. At 800°C the spectrum in this wavelength range shows a singular 
broad feature. Increasing the temperature to 850°C causes a significant difference in the 
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diffraction pattern but only a slight difference in the luminescence spectrum. At this 
temperature, small peaks begin to emerge from the broad band feature. Heat treatment at 
900°C and 950°C causes a relative reduction in the intensity at 620nm. This relative 
reduction increases at higher temperatures where only two distinct peaks are observed at 
610nm and 630nm. 
 
Figure 5.34. The emission spectra recorded from the YAG:Eu powder samples heat treated for 
30 minutes at the labelled temperature with excitation at 532nm. 
There is a marked change in intensity of the 
5
D0→
7
F0 transition at 576-580nm. As the heat 
treatment temperature increases, the intensity of this emission decreases, until it can no 
longer be observed at 1200°C. The 
5
D0→
7
F0 transition is forbidden in the site symmetry of 
the Eu ion in the YAG crystal [254]. Therefore, at high temperatures when the material is 
fully crystalline the transition is not detected. However, when the material is amorphous the 
local symmetry is lower and all the transitions are allowed. For this reason the transition is 
observed at low heat treatment temperatures. The transition is detected up to 1150°C, 
indicating that the symmetry is sufficiently low for some of the ions to allow the transition to 
occur. Furthermore, at heat treatment temperatures of 1150°C and above an emission peak 
appears at 688nm. This emission peak cannot be correlated to changes in the diffraction 
patterns and no evidence could be found for this observation in the literature. 
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The relative intensity associated with the 
5
D0→
7
F1 and 
5
D0→
7
F2 transition also changes 
significantly with heat treatment temperature, as shown in Figure 5.35. The emission between 
584nm and 600nm is due to the parity allowed, magnetic dipole transition 
5
D0→
7
F1 which is 
practically insensitive to changes in the site symmetry [264]. The emission at 605-635nm is 
due to the electric dipole transition which is very sensitive to site symmetry because it 
requires relaxation of the parity selection rule by perturbation of the electric field. The ratio 
of the intensity of these two transitions therefore give an indication of the site symmetry of 
the Eu ion, with total symmetry giving a ratio value of less than 1 and for very low symmetry 
sites the ratio tends to 10 [265]. Figure 5.35 shows the ratio of the integrated intensity of the 
measured emission spectra at 605-635nm and 584-600nm. The ratio decreases with 
increasing heat treatment temperature until 1200°C. The ratio values find good agreement 
with those reported in the literature [254]. The intensity ratio method offers a potential route 
to measure the thermal history of the material. 
 
Figure 5.35. The change with heat treatment in the intensity ratio between the emission from the 
5
D0→
7
F2 and 
5
D0→
7
F1. transition. 
The phosphorescence decay times were also recorded from the YAG:Eu samples. The decay 
times were recorded using two different band pass filters. One is centred at 592nm (FWHM 
43nm, Edmund Optics) and was used to focus on the 
5
D0→
7
F1 transition. The other is centred 
at 605nm (FWHM 15nm, Comar Optics) and was used to focus on the 
5
D0→
7
F2 transition. 
Four examples of decay times recorded using the 592nm filter are shown in Figure 5.36 for 
samples heated across the full range of temperatures. As for the YSZ:Er and Y2O3:Er,Yb 
samples the intensity exhibits an initial rapid decrease, followed by an exponential decay. 
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When the first 1.5ms of the decay time is ignored for the single exponential fitting routine, a 
good fit is observed, represented by the solid black lines in the figure. The initial non-
exponential feature is of the same order as the exponential decay time and can be clearly 
observed in the signal. This is consistent with decay profile expected when weak energy 
migration occurs. The duration and gradient of the initial non-exponential decrease in 
intensity reduces as the heat treatment temperature increases. The decay signals at lower 
temperatures also show a greater degree of noise. This is due to the lower emission intensity 
associated with these samples. 
 
Figure 5.36. The phosphorescence decay of the 592nm peak excited with 532nm for YAG:Eu 
samples heat treated for 30 minutes at the labelled temperatures. The solid lines show a single 
exponential fit when the initial 1.5ms is ignored for the fitting routine. A median filter of 10 data 
points is applied to smooth the data. 
The exponential fitting routine when the first 1.5ms is ignored was applied to the 
measurements on all samples. The results are shown in Figure 5.37 for the complete sample 
set using the 592nm filter and for a sub-selection of samples using the 605nm filter. The 
605nm filter was used to investigate whether a similar behaviour in the decay time is 
observed at temperatures between 850°C and 1000°C. The decay of the intensity exhibited 
the same trend as when the 592nm filter was used. Furthermore, the change in decay time 
with temperature shows a very similar response for the measured samples. It was therefore 
concluded that the emission lines associated with the 
5
D0→
7
F1 and 
5
D0→
7
F2 transitions show 
the same decay behaviour. This observation is expected because the transitions occur from 
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the same energy level. In addition, a repeat sample was heat treated at 900°C to estimate the 
repeatability of the decay time measurements. The two samples are plotted and the difference 
between the decay times is less than 0.1%. 
Figure 5.37 shows the decay time generally increases with heat treatment temperature, 
however, the plot can be divided into three regions labelled I, II and III. The first region (I) 
covers the as-synthesized sample up to 875°C. In this region, the decay time increases 
gradually up to 800°C. Above this temperature the decay time rapidly increases to 875°C. In 
region II, increasing temperature causes the decay time to decrease to 950°C. In region III the 
decay time increases approximately linearly. 
 
Figure 5.37. The dependence of the decay time of the 592nm (blue crosses) and 605nm (red 
squares) emission after excitation with 532nm on the heat treatment temperature for the 
YAG:Eu powder samples. The error bars represent the standard deviation on 30 repeat 
measurements. 
The reason for the three regions is linked to microstructural changes in the material. Since the 
decay time appears consistent with energy migration and transfer, non-radiative decay is 
thought to occur by energy transfer to quenching sites. 
The increase in the decay time in region I of the plot in Figure 5.36 is thought to be due to the 
reduction in the presence of high energy phonons associated with residual precursors and the 
crystallisation of the YAG and YAP phases. The diffraction patterns in Figure 5.29 show that 
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increasing the heat treatment temperature to 800°C causes the initial nucleation of the YAG 
phase. As such, a proportion of the Eu ions are in the amorphous phase while some are 
incorporated into the nuclei. The random orientation in the amorphous phase, along with the 
high density of residual precursors is expected to cause the average decay time associated 
with the amorphous Eu ions to be lower than those incorporated within a crystalline matrix. 
Thus, assuming that the Eu ions are randomly distributed, the decay time will increase as the 
amorphous fraction decreases. This structural change causes a greater number of Eu ions to 
be within a crystalline matrix, hence the overall decay time is greater. 
In region II, the decay time appeared to be associated with the relative ratio between the 
YAG and YAP phase. The intensity ratio of two peaks in the diffraction patterns which are 
distinctive of the two different phases at 18° (YAG) and 45° (YAP) indicate that as the 
temperature increases from 875°C to 950°C, the fraction of YAP in the material increases. It 
has been reported that the decay time of fully crystalline YAP:Eu is half that of YAG:Eu 
[266]. Therefore, if the Eu ions are randomly distributed through the material, then when 
greater fractions of the host material are YAP rather than YAG the decay time will be lower.  
The diffraction data corresponding to the samples in region III indicates that host material is 
purely crystalline YAG. The increase in decay time in this region is associated with the 
growth of the YAG crystallites. As for the YSZ:Er and Y2O3:Er,Yb materials, larger 
crystallites will have a lower surface area to volume ratio resulting in a relative decrease in 
the number of acceptors. The orientated attachment growth mechanism, mentioned 
previously, leads to approximately spherical particles joined by necks [263]. As a 
simplification, the crystallites are assumed to be spherical so that, similar to the yttria powder 
(Section 5.1.3), the inverse crystallite size can be plotted against the decay rate and the result 
should be linear. The measured data, plotted in Figure 5.38, exhibit very close agreement 
with a linear fit function. Furthermore, it has been observed that there is no evidence of 
residual precursors in the FTIR spectra once the material has been heat treated at or above 
900°C. As a result, the cause of the increasing decay time cannot be related to the reduction 
in density of high energy phonons in the host. The increasing decay time is, therefore, 
concluded to be due to the increasing crystallite size through the same mechanism as 
described for the other powder materials. Larger crystallites reduce the number of ions within 
the vicinity of the crystallite edges, which are considered as luminescence quenchers, hence 
there is an overall increase in the decay time. 
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Figure 5.38. The linear relationship between the decay rate and inverse crystallite size, which is 
considered to be related to the number of acceptors. 
The relationship between decay time and heat treatment temperature, shown in Figure 5.37, 
could be used to make thermal history measurements from 700°C to 1250°C. The 
precipitation of the YAP phase causes non-monotonic behaviour. As a result, the decay time 
is the same at different temperatures. In this situation the luminescence spectrum could be 
used to clarify what temperature the measured decay time corresponds to. This could be done 
by taking advantage of the monotonic change in the ratio between 
5
D0→
7
F1 and 
5
D0→
7
F2 
transitions, shown previously in Figure 5.35.  
5.1.4.3. Effect of compaction 
The material investigation to this point has covered loose powder samples. When the material 
is applied as a coating, either in the form of a dip coating or by APS, the material will be 
compacted together. The growth of the crystallites is considered to occur by coalescence, 
therefore, bringing the particles in closer contact is expected to encourage the crystallisation 
and growth. Compaction may, however, increase the impingement of the growing crystallites. 
Furthermore, the inclusion of crystalline powder in the material may act as nucleation sites 
affecting the crystallisation mechanism. 
Two sets of samples were produced to investigate the effect of compaction on the 
crystallisation and luminescence properties of the phosphor. The synthesized YAG:Eu 
material was compressed into 13mm diameter pellets with a 5 ton load in a hydraulic pellet 
press (Specac, UK). One set of pellets were produced with approximately 0.4g of as-
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synthesized YAG:Eu powder. Another set was produced by first mixing approximately 0.1g 
of YAG:Eu previously heat treated to 1200°C for 1 hour with approximately 0.3g of as-
synthesized YAG:Eu powder. From here on, the former and latter will be referred to as „Pure 
pellets‟ and „Mixed pellets‟ respectively. The pellet samples were heat treated at several 
temperatures between 700°C and 1200°C for 30 minutes. 
The decay time was recorded from the pellet samples after heat treatment and compared to 
the results from the loose powder. The change in decay time with heat treatment for the 
powder and pellets is shown in Figure 5.39. The decay time was recorded from four of the 
pure and mixed pellets before they were heat treated, i.e. in the as-synthesized condition. The 
decay times recorded from the different pure pellets were the same as each other and the 
loose powder, as such they overlap on the plot in Figure 5.39. A variation was observed in the 
decay times for the four mixed pellets. The cause was considered to be the vastly different 
phosphorescent properties of the as-synthesized, amorphous powder and the crystalline, heat 
treated powder. In the as-made condition, the mixture resulted in a multi-exponential decay 
which was highly sensitive to slight compositional changes. The exponential fit function, 
therefore, returned different decay times for different pellets. 
 
Figure 5.39. The change in decay time with heat treatment for the pure and mixed pellets 
compared to the loose powder when excited with 532nm and recorded with a 592nm band pass 
filter. The error bars represent the standard deviation on 30 repeat measurements. 
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The decay times of the pure pellet samples generally follow a similar trend to the powder 
samples. However, there are two notable differences between the two trends. As expected, 
the decay time measured for the pure pellet and powder in the as-synthesized condition were 
the same because they comprise the same material. When heated to 700°C and 800°C the 
decay time of the pure pellet increased more rapidly. The diffraction patterns of the two 
samples, shown in Figure 5.40(a), indicate that nucleation occurred more rapidly in the pure 
pellets. The nucleation appears to be encouraged by the compaction of the powder due to 
encouragement of the coalescence of crystalline particles. The crystalline nuclei are thought 
to increase the decay time. The subsequent growth and crystallisation appears to be inhibited, 
however, because at 840°C the decay time of the powder is greater than that of the pure 
pellet. This corroborates with the diffraction pattern of the two samples, shown in Figure 
5.40(b). 
 
Figure 5.40. A comparison of the diffraction patterns of the YAG:Eu powder and pellet samples 
heat treated at (a) 700°C and (b) 840°C for 30 minutes. 
The second region where the decay times of the pure pellets were notably different from the 
powder is at and above 1000°C. It is hypothesized that the cause of the difference is the 
crystallisation of the material. At 1000°C the slightly higher decay time of the pellet indicates 
5. Thermal history measurement  5.1. Material investigation 
 
 204  
 
that the material is more crystalline, although there was no discernible difference in the 
diffraction patterns. Above 1000°C, the decay times of the pellets was lower than the powder. 
The cause of this behaviour is thought to be due to the impingement of the crystallite growth 
due to the compaction of the particles. Crystallite growth of the powder in this temperature 
range has been observed to occur by oriented attachment, as mentioned in Section 5.1.4.2. 
The compaction of the powder in the pellets may restrict the reorientation of the particles in 
the oriented alignment mechanism, impeding growth. 
The crystallite size calculated from the diffraction patterns was 35nm and 50nm at 1100°C 
and 1200°C, which are lower than the comparative values for the powder of 77nm and 87nm. 
This difference was also consistent with the observed differences in the luminescence spectra, 
shown in Figure 5.41. The plots are normalised and overlaid to allow direct comparison of 
the spectra. The emission intensity between 605nm and 635nm, associated with the sensitive 
5
D0→
7
F2 transition, is lower for the powder samples, representative of lower disorder. The 
ratio of the intensity for the 
5
D0→
7
F2 and 
5
D0→
7
F1 transitions is 1.8 for both pellets at 
1100°C and 1200°C, while it is 1.4 and 1.1 respectively for the powder samples. 
 
Figure 5.41. Comparisons of the emission spectra from the YAG:Eu powder and pellets heat 
treated at (a) 1100°C and (b) 1200°C for 30 minutes with excitation at 532nm. 
The mixed pellets also generally exhibit similar behaviour to the pure pellet and powder 
samples, except at the low and high temperature extremes of the plot in Figure 5.39. The 
deviation at high temperatures is explained by the increased impingement of crystallite 
growth, as for the pure pellets. The lower decay time of the mixed pellets compared to the 
pure pellets suggests the crystallite YAG:Eu particles cause greater impingement and restrict 
the increase in the decay time above 1000°C. 
5. Thermal history measurement  5.1. Material investigation 
 
 205  
 
At the low temperature extreme, there appears to be no significant change in the decay time 
with heat treatment until 840°C. This is because the decay time of these particles is dictated 
by the crystalline YAG:Eu particles. Although the decay time associated with the amorphous 
material will increase, as demonstrated by the pure pellet samples, the overall decay time 
remains the same because of the dominance of the crystalline YAG:Eu particles. It is only 
when the amorphous fraction of the pellet starts to crystallise, at 840°C, that the overall decay 
time increases. It must be noted, however, that the amorphous content in the pellet contains a 
high degree of residual precursors which will effectively quench the luminescence. 
Therefore, the quantum efficiency of the amorphous powder will be much lower than for the 
crystalline powder. 
5.1.4.4. Summary of YAG:Eu powder 
Heat treatment of the synthesized YAG:Eu powder causes microstructural changes in three 
phases. Increasing heat treatment temperature causes crystallisation of the amorphous 
material into the YAG phase, with the formation of the YAP phase at intermediate 
temperatures. These changes are observed in the luminescence spectra and decay time. The 
broad spectral features are converted into narrow peaks and as the material becomes more 
structured there is a relative suppression of the 
5
D0→
7
F2 transition. The relationship of the 
decay time with heat treatment temperature distinctly reflects the three phases of the 
crystallisation process. Overall, the results indicate that thermal history measurements are 
feasible from 700°C to 1250°C and possibly higher. Both an intensity ratio of the 
5
D0→
7
F2 
and 
5
D0→
7
F1 transition and the decay time could be used to determine the past thermal 
exposure. The ambiguity introduced by the non-monotonic relationship between decay time 
and temperature in the 850°C-1050°C range could be overcome using an intensity ratio 
method. 
When compacted into pellets the general behaviour of the phosphorescence with heat 
treatment does not change. Notable changes are observed at the low and high temperature 
extremes where compaction appears to increase nucleation but inhibit crystallite growth by 
impingement. Furthermore, when the amorphous powder is seeded with crystalline particles, 
the decay time at low temperatures is dictated by the crystalline fraction and changes to the 
decay time are only observed when crystallisation of the amorphous fraction occurs. 
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5.1.5. Conclusions of material investigation 
The investigation using the three different powder materials has identified a strong 
relationship between the condition of the material and its luminescent properties. Although 
the high energy phonons associated with residual precursors have an effect on the 
phosphorescence, the dominant cause of the changes appears to be related to the 
microstructure. It was shown in both YSZ:Er and Y2O3:Er,Yb that the growth of the 
crystallites caused by thermal exposure reduces the surface area to volume ratio. Hence, this 
increased the decay time by decreasing the probability of energy transfer to quenching sites. 
The amorphous to crystalline transition, observed in YAG:Eu, caused three different regimes 
with temperature. Although this caused non-monotonic behaviour in the increase in decay 
time with temperature, the related ambiguity could be resolved using an intensity ratio 
measurement. All three investigated materials had temperature sensitivity in the required 
range, as such could be of potential use as thermal history sensors in TBC systems. 
5.2. Coating investigation 
The phosphor material must be applied as a robust coating to be of practical use as a thermal 
history sensor for TBCs. Of the three materials described in the previous section, YAG:Eu 
was used to investigate the phosphorescence properties in coating form. The YAG:Eu 
remained in the amorphous condition until relatively high temperatures, as such, the 
amorphous to crystalline transition could be observed.  
The APS route was used to apply the material because it is widely used in industry for the 
application of TBCs and is known to produce durable coatings. Furthermore, the rapid 
quenching of the material on cooling is expected to cause a high degree of amorphous content 
in the as-deposited material [122]. Unlike the synthesized powders, the high purity of the 
precursor powder and the extreme temperatures in the plasma mean the as-deposited material 
will not contain the high energy phonons associated with the organic, nitrate and water 
precursors used in the sol-gel process. All changes to the phosphorescence with heat 
treatment are expected to be caused by microstructural differences.  
5.2.1. Coating production 
Different coating sample tests are reported throughout this section and the details of each will 
be discussed with their results, however, they all have common features. All of the coatings 
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were produced using YAG:Eu powder of composition Y2.85Eu0.15Al5O12 (Eu = 0.75 at.%). 
This is the same composition as the synthesized powder described in the previous section. 
The production of the powder material was subcontracted to an external supplier by SCS. The 
powder has a particle size distribution of 32-80µm and the particles are formed of a network 
of nano- and micro-scale crystalline grains, as shown in Figure 5.42.  
 
Figure 5.42. SEM images of the YAG:Eu spray powder (left) at 1000 times magnification and 
(right) 10,000 times magnification. 
The substrates were grit blasted to remove surface oxides and improve mechanical 
interlocking of the coating system. A widely used NiCoCrAlY bond coat (Amdry 995, Sulzer 
Metco) was applied using a high-velocity oxy-fuel gun to approximately 50µm thickness. 
The YAG:Eu overcoat was applied by APS onto the bond coat. In order to achieve a high 
amorphous fraction the substrates were usually cooled during deposition. A micrograph of an 
example coating is shown in Figure 5.43. The microstructure of the coating is typical of those 
produced by this method. The YAG:Eu contains microcracks which improve the strain 
tolerance of the coating. Also it is possible to see particles which did not melt during spraying 
and the network of nano- and micro-scale grains is visible in the particle. 
 
Figure 5.43. A micrograph of an example YAG:Eu coating with an average thickness of 30µm. 
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The production of a selection of samples was subcontracted to external suppliers by SCS. The 
sample substrates were 20×20×2mm stainless steel tiles. The target thickness of the YAG:Eu 
coating was 30µm. Diffraction patterns of two samples produced with the same settings but 
in different production runs are shown in Figure 5.44. The combination of the broad hump 
and peaks denote the coexistence of amorphous and crystalline YAG:Eu. The diffraction 
patterns are very similar for the two samples indicating the consistency between coating 
production runs. 
 
Figure 5.44. The diffraction patterns of two YAG:Eu coating samples produced with the same 
spray parameter settings but in different production runs. The vertical lines denote the location 
of the YAG peaks from reference [262]. 
The emission spectra for the two samples are shown in Figure 5.45, along with the spectra 
from the pure and mixed pellets heat treated at 700°C, discussed in Section 5.1.4.3. The 
spectra from the two coating samples are practically identical, which further indicates the 
similarity of the repeat samples. The spectra were compared to the pellets to understand 
whether the crystalline content could be observed in the phosphorescence emission. In Figure 
5.40, the pure pellet was shown to be largely amorphous with a small indication of 
crystallisation. Whereas, the mixed pellet has approximately 25 wt.% crystalline powder. No 
significant difference was observed between the spectra from the coating samples and the 
pure pellet and, unlike the spectra of the mixed pellet, there was no sharp peaks associated 
with crystalline content. Therefore, the emission spectra suggest a high amorphous fraction in 
the coating and the dopants in the amorphous state are shown to be dominant in the spectra. 
The decay time was recorded from the samples in the as-deposited condition. The decay of 
the intensity with time followed a similar profile to that observed for the YAG:Eu powder 
samples. A short non-exponential feature was followed by an exponential decay. As with the 
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powder samples, a single exponential fitting routine was applied to the signal ignoring the 
first 1.5ms. The result of the fit gave the decay time of the phosphor material. 
 
Figure 5.45. The emission spectra of the two sample coatings and the pure and mixed pellets 
after heat treatment at 700°C.  
To demonstrate the repeatability of the measurements the decay time was taken from four 
samples produced using the same spray conditions. The difference between the results was 
less than 0.5% of the decay time. This was within the standard deviation of a thirty repeat 
measurements on the same sample. Furthermore, the laser spot size was reduced to 2mm and 
a single sample was scanned to record the decay time at 15 different locations. The difference 
in the measured decay time across the different locations was the same as repeat 
measurements on a single location. The results indicate that the deposited coating is uniform 
across the surface and between samples. 
5.2.2. Effect of heat treatment 
Similar to the synthesized powder, a number of coating samples were heat treated at different 
temperatures for 30 minutes and rapidly cooled in air. The normalised diffraction patterns of 
a selection of samples are shown in Figure 5.46 along with the pattern from a bond coat 
sample. Crystalline peaks are observed in all the diffraction patterns which are consistent 
with YAG [262]. The small additional peak at 44° is associated with nickel in the bond coat 
[267]. 
There is no apparent difference between the diffraction patterns of the as-deposited samples, 
or those heat treated in the range from 600°C-800°C. Heat treatment at 850°C however, 
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causes a significant reduction in the amorphous signal and this is further reduced at 870°C. 
After exposure at 900°C no amorphous content can be detected and the material appears to be 
fully crystalline in the YAG phase. Unlike the synthesized powder, there appears to be no 
indication of the YAP phase. Heating at higher temperatures appears to narrow the peaks, 
signifying growth of the crystalline grains. 
 
Figure 5.46. The diffraction patterns of the YAG:Eu coating samples heat treated for 30 
minutes at the denoted temperatures. The intensity is plotted on a logarithmic scale to show 
more clearly the difference in the signals. The vertical black lines represent the peaks of 
crystalline YAG from reference [262]. The pattern recorded from the bond coat shows peaks at 
44° and 51°. 
The emission spectra of the heat treated coating samples are shown in Figure 5.47. The 
results show good agreement with the findings from the diffraction patterns. The samples 
heat treated at or below 870°C exhibit broad band features. Above this temperature the 
spectra show sharp peaks indicative of a crystalline material. The plot shows that the peak at 
592nm associated with crystalline YAG:Eu becomes more pronounced from 800-870°C. This 
behaviour reflects the decreasing amorphous fraction. The spectra become similar to that 
from the mixed pellet shown in Figure 5.45 which has approximately 25wt.% crystalline 
powder. 
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Figure 5.47. The emission spectra of YAG:Eu coating samples heat treated for 30 minutes at the 
denoted temperatures. The inset shows the ratio of the emission bands at 605-635nm (
5
D0→
7
F1) 
and 584-600nm (
5
D0→
7
F2). 
The inset of Figure 5.47 shows the ratio of the emission associated with the insensitive 
5
D0→
7
F1 transition and the highly sensitive 
5
D0→
7
F2 transition. The ratio gradually decreases 
from 600°C to 870°C, above which there is a sharp transition to an approximately constant 
value. This behaviour is similar to that observed in the synthesized powder however the 
transition appears to occur more sharply and there is no further decrease at the high 
temperature region. 
A further observation from the spectra is the change in the appearance of the peak at 696nm 
after heat treatment at 1100°C and 1150°C. An additional peak forms at 694nm and becomes 
more intense with temperature. This peak is due to the growth of the alumina TGO which is 
inherently doped with chromium. The chromium ions are excited with 532nm light and emit 
the characteristic ruby emission at 694nm. This peak is used to conduct piezospectroscopy to 
analyse the stress in the TGO layer, as mentioned in Section 1.3.2.2 [82]. It is thought the 
peak is not observed at lower temperatures because the thermal exposure was not sufficient to 
cause the TGO to grow to a detectable thickness.  
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The phosphorescence decay times of the heat treated samples were recorded using a different 
PMT module to that used for the previously described samples due to a failure of the original 
PMT. Before measurements were made the signal recorded by the new PMT was compared 
to the original and no significant difference was observed in the decay data. Furthermore, the 
results of decay fitting for samples heat treated over a range of temperatures were compared. 
There was a linear offset between the decay time results recorded with the new and original 
PMT. The maximum difference between the results was 1%. 
The decay signals for three of the coating samples are shown in Figure 5.48. As for the 
powder samples, the intensity decreases with a brief non-exponential decay followed by an 
exponential decay. The initial non-exponential features, however, have a shallower gradient 
compared to the powder samples, even compared to those powder samples heated to 
temperatures greater than 900°C where the residual precursors can no longer be detected. The 
reason for the difference in behaviour is not clear but could be due to a difference in the 
energy transfer rate because of the different morphologies of the materials. 
 
Figure 5.48. The phosphorescence decay signal recorded from the YAG:Eu coating samples 
heat treated at the labelled temperatures for 30 minutes. Single exponential fit functions were 
applied ignoring the initial 1.5ms, the results are plotted as solid black lines. A median filter of 
10 data points is applied to smooth the signals to improve clarity. 
Single exponential fit functions were applied to the recorded signals, ignoring the first 1.5ms. 
The determined decay time is plotted against heat treatment temperature in Figure 5.49. The 
decay time gradually increases with heat treatment temperature until 870°C. Above this 
temperature the decay time rapidly increases by a factor of approximately 2.3. This rapid 
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increase is consistent with the sharp change observed in the emission spectra and the 
complete crystallisation of the material. Although the gross features are similar to the 
YAG:Eu powder, the overall trend is close to that of the results from the mixed pellets shown 
in Figure 5.39. It is hypothesized, therefore, that the crystalline fraction in the as-deposited 
coating causes the small change in the decay time below the crystallisation temperature. In 
addition, the compaction of the powder in the coating is thought to inhibit growth, as in the 
pellets, so that there is little change in the decay time above 880°C. 
 
Figure 5.49. The change of decay time for the YAG:Eu coating samples with heat treatment 
temperature when exposed for 30 minutes. The inset shows the results up to 880°C. The error 
bars represent the standard deviation on 30 repeat measurements. 
The inset of Figure 5.49 shows the gradual increase of the decay time with heat treatment 
temperature up to 880°C. Although there was no change to the diffraction patterns from the 
as-deposited samples to 800°C, there is a significant increase in decay time, approximately 
6%. It is hypothesized that the cause of this is growth of the crystalline phase from the state 
of the material after deposition. The rapid cooling of the particles during deposition causes a 
high degree of amorphous content, however, there are unmolten crystalline particles. The 
crystalline particles will have a size distribution which is dependent on the starting powder 
and on the thermal history of the powder through the plasma-spray process. It was shown in 
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the investigation into Y2O3:Er,Yb, that the average size of the nano-crystallites in the 
synthesized material affected the behaviour of the decay time after subsequent heat treatment 
below the final synthesis temperature. When the crystallite size was smaller the decay time 
increased more significantly at lower temperatures. For the YAG:Eu coating, a wide range of 
crystallites are thought to be present due to the microstructure of the precursor powder. The 
smaller particles have a higher probability of coalescence at lower temperatures, hence grow 
in size. As the temperature increases, there is greater energy available to cause further 
coalescence and growth of the frozen-in particles. This behaviour is not observed in the 
diffraction patterns because it is masked by the larger crystallites. It does, however, cause an 
increase in the decay time and the relative suppression of the 
5
D0→
7
F2 transition compared to 
the 
5
D0→
7
F1 transition, as shown in the inset of Figure 5.47. The same observation is not 
made from the mixed pellets because the crystalline powder in that case was preheated to 
1200°C. Consequently, the crystallites are not expected to grow at these low temperatures, 
similar to the crystallites in the Batch A samples of Y2O3:Er,Yb described in Section 5.1.3.3. 
The increase in decay time with temperature becomes increasingly rapid above 800°C, The 
diffraction patterns and emission spectra of the samples heat treated in this range show the 
conversion of the amorphous content to crystalline. It was shown with the synthesized 
powder and pellet that crystallisation of the amorphous YAG:Eu will occur in this 
temperature range. 
The material crystallises at 880°C causing a rapid increase in the decay time. Above this 
temperature there is a general decrease in decay time up to 1100°C, except for the sample 
heated at 1000°C, A similar trend observed in the pellets upto 1000°C was explained by the 
coexistence of the YAG and YAP phase. However, the YAP phase was not observed in the 
diffraction patterns of the coating samples. The existence of YAG nuclei in the as-deposited 
material may have suppressed the formation of the YAP phase. It is possible that the limited 
duration of the XRD scans prevented the detection of this phase and further investigations 
could be conducted to fully clarify the cause of this behaviour. 
The trend of the decay time with thermal exposure indicates that temperature measurements 
are feasible from 300°C to 880°C for an exposure duration of 30 minutes. The temperature 
range could be extended to 1100°C, however, the non-monotonic behaviour of the decay time 
between 880°C and 950°C would restrict the accuracy of the measurements. The gradient of 
the change in decay time limits the error on the measurement. As such, the highest accuracy 
could be achieved in the range 800°C to 880°C. 
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5.2.2.1. Comparison to JMAK theory 
The change in decay time with temperature shown in Figure 5.49 has a similar form to the 
JMAK theory described in Section 2.3.1. The theory describes the transformation of materials 
with temperature and time, as such if it could be related to the phosphorescence properties it 
could enable improved predictions of the phosphorescence behaviour with thermal exposure. 
Johnson and Kriven investigated the crystallisation of YAG using amorphous beads and used 
the JMAK theory to analyse the results and determine the required input parameters [170]. 
The values for the activation energy, preexponential factor and Avrami exponent were 437 
kJ/mol, 6.33×10
16
 and 2.74 respectively. These values were used to calculate the transformed 
fraction with temperature for 30 minutes exposure. To compare the decay times to the 
calculated result, a linear approximation was used to scale the decay time values between 0 
and 1, where 0 was the decay time in the as-deposited condition and 1 the maximum decay 
time. 
The two results are compared in Figure 5.50. The result of the JMAK model gives a rapid 
transformation which initiates after 800°C and is complete at 890°C. The temperature at 
which the crystallisation appears complete coincides with that of the maximum decay time. 
Furthermore, the predicted rapid transformation is similar to transition in the decay time 
values. At temperatures below the crystallisation temperature, however, the decay time 
increases while there is no predicted transformation. The model prediction agrees with the 
diffraction patterns which show no change up to 800°C. It was shown using the synthesized 
powders that the decay time is very sensitive to small changes in crystallite size. The 
hypothesized coalescence and growth of the embedded particles may explain the deviation 
from the modelled prediction in this region.  
The change in decay time does not truly follow the predicted transformation between 820°C 
and 890°C provided by the model. The crystallisation of the amorphous material in this 
temperature range increases the decay time, however, the linear approximation between 
decay time and transformed fraction does not provide a good agreement to the model. Future 
work could find the correlation between the transformed fraction and the decay time.  
Although some differences are observed in the trends, the similarity in temperature of the 
predicted transformation and observed transition could be used to anticipate the temperature 
at which the rapid transition in decay time will occur. This would be useful for the selection 
of materials for certain applications and the calibration at different times. 
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Figure 5.50. The comparison of the scaled decay time measurements from YAG:Eu coatings to 
the JMAK theory using inputs values for YAG from [170]. 
5.2.3. Effect of heat treatment duration 
For practical reasons it is preferable if the phosphorescence properties are insensitive to the 
duration of heat treatment. This allows calibration data at single heat treatment duration to 
apply over a wide range of application conditions. To investigate the sensitivity of the decay 
time to the duration of the heat treatment a selection of samples was heat treated at 600°C, 
700°C, 800°C and 900°C for a range of times. The results are separated into two plots in 
Figure 5.51. The left shows the results at the lower temperatures and the right shows those at 
the higher temperatures. The decay time for the as-deposited sample is also plotted to provide 
an indication of the decay time when there was no thermal exposure. 
The same trends are exhibited at all temperatures. The decay time appears to be relatively 
insensitive to the duration of heat treatment. Although there is a general increase in the mean 
decay time with duration, at 600°C and 700°C an increase in exposure time from 15 minutes 
to 180 minutes causes a 0.6% increase in the decay time. This change is within the error of 
the measurements. At higher temperatures the same increase in duration causes a slightly 
higher increase in decay time of 0.9% and 1.3% at 800°C and 900°C respectively. 
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Figure 5.51. The change in decay time of YAG:Eu coatings with heat treatment duration at 
(left) 600°C and 700°C and (right) 800°C and 900°C. The error bars represent the standard 
deviation on 30 repeat measurements. 
The cause of the insensitivity to time is thought to be similar to that observed in the YSZ:Er. 
It is explained by the thermally controlled growth mechanism of the crystalline phase. The 
growth by coalescence of particles is stated to occur by gradual growth until saturation 
causing an approximately uniform size distribution [175]. This behaviour has been observed 
in YAG nano-particles and the size is dependent on the annealing temperature [268]. It is 
thought that the small embedded crystalline particles grow by coalescence to a uniform size 
which is determined by the temperature.  
An exception was observed for extended exposure at 800°C. Increasing the duration of 
exposure from 180 minutes to 360 minutes caused an increase in decay time of 3.8%. This 
significant increase may be due to the nucleation and growth of the crystalline phase from the 
amorphous phase. The synthesized powder appeared to nucleate crystalline features at 800°C. 
It is thought that the extended exposure time allows this process to occur where it would 
otherwise require higher temperatures. This explanation suggests that the sharp transition in 
decay time may occur at lower temperatures if the duration of heat treatment was extended by 
over an order of magnitude. 
5.2.4. Effect of cumulative heat treatment 
When the phosphor coating would be applied in a practical situation, it is unlikely that the 
component would maintain the same temperature throughout service. For example, a gas 
turbine may be operated at idle conditions for some time before it is accelerated to the 
required operation conditions. It is, therefore, important to understand how extended 
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exposure at lower temperatures may affect the phosphorescence properties, and hence the 
thermal history measurement. 
Three YAG:Eu coating samples were used to investigate the effect of exposure at lower 
temperature. The samples comprise 20×20×2mm titanium alloy substrates with an Amdry 
995 bond coat and an approximately 30µm thick YAG:Eu coating. 
For two of the three samples, the heat treatment and measurement procedure was conducted 
incrementally. A sample was heated for a specified duration then was allowed to cool before 
the measurement was made. The process was then repeated with the same sample at a higher 
temperature. One of the samples was heat treated and measured incrementally between 300°C 
and 785°C. Another was heat treated and measured incrementally from 785°C to 950°C. The 
third sample was heat treated solely to 795°C. In all cases the duration of the heat treatment 
was 45 minutes. At each measurement step two reference samples were also measured to 
ensure that the measurements were consistent and repeatable. In this experiment the original 
PMT was used and the fitting routine was applied from the beginning of the decay signal. 
The results from the three heat treated samples are shown in Figure 5.52. 
The first observation to be made is that the samples exhibit the same trend as different 
YAG:Eu samples discussed in Section 5.2.2 (see Figure 5.49). The difference in the absolute 
decay time values is due to the difference in the applied fitting routine. Here, the complete 
decay signal was included in the fitting routine which includes the short non-exponential 
feature. This decreased the determined decay time. 
Another important observation is the similarity in the results for the three different samples. 
The results show that prolonged exposure at lower temperatures has no effect on the decay 
time. The decay time of the two samples which are heat treated at 785°C are within 0.1% and 
one of these samples was heat treated for an accumulated time of 7.5 hours before being 
heated at 785°C. This indicates that the coatings record the maximum temperature of heat 
treatment and the duration of exposure at lower temperatures is insignificant for the 
temperature measurement. This observation is consistent with the growth mechanism of pre-
existing nuclei. When the crystallisation occurs by this mechanism it has been stated that the 
crystallisation process is isokinetic and does not depend on previous thermal history [269].  
The results suggest that the coatings could be applied for long-term testing and the maximum 
temperature of operation could be measured. This is particularly useful since the maximum 
temperature of operation is typically of most importance. 
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Figure 5.52 The change in decay time for YAG:Eu samples at different heat treatment 
temperatures when exposed for 45 minutes. Three different heat treatment routines were 
conducted on three different samples. The inset only shows the temperature range upto 850ºC. 
The error bars represent the standard deviation on 30 repeat measurements. 
5.2.5. Alternative dopant – dysprosium 
The gross features of the phosphorescence, for example wavelength and decay time, are 
affected by the chosen dopant ion. However, the effect of thermal exposure on the 
phosphorescence is expected to be dictated by the host material. Coating samples of YAG 
doped with dysprosium were used to demonstrate this. 
The samples were produced by a subcontractor to SCS and were the same as the YAG:Eu 
samples except the ceramic coating comprised Y2.85Dy0.09Al5O12 (Dy = 0.45 at.%). The as-
deposited material was confirmed to be a mixture of amorphous and crystalline YAG by 
XRD. 
The heat treatment and measurement procedure was conducted in the same incremental way, 
by heating the samples, allowing them to cool before measuring then repeating the process at 
a higher temperature. The duration of the heat treatment at each step, however, was only 15 
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minutes rather than 45 minutes. For the YAG:Dy, the emission spectrum and decay time were 
recorded at each measurement interval by excitation at 355nm and, as for YAG:Eu, a band 
pass filter centred at 592nm was placed in front of the detector. 
Figure 5.53 shows that the shape and wavelength of the emission spectrum of the YAG:Dy is 
different to the YAG:Eu because the dopant dictates the phosphorescent properties. However, 
as expected the change to the emission spectrum with temperature is similar to that of 
YAG:Eu. The YAG:Dy exhibits broad features after heat treatment at low temperatures. 
Peaks begin to form in the spectrum at 855°C and at 905°C the spectrum is that of a fully 
crystalline YAG:Dy material. The change in the spectral features coincides with the 
crystallisation of the YAG. The formation of peaks in the spectrum appears to be more 
gradual with temperature compared to the YAG:Eu. This may be due to the shorter duration 
of the heat treatment. 
 
Figure 5.53. The emission spectra of the YAG:Dy samples incrementally heat treated to the 
denoted temperatures for 15 minutes. The excitation was at 355nm. 
The change in decay time with heat treatment temperature is shown in Figure 5.54. The 
absolute decay time is shorter than for the YAG:Eu, which is consistent with previous 
observations that dysprosium as a dopant gives a lower decay time compared to europium 
[159]. The trend in the YAG:Dy decay time with heat treatment temperature, however, 
appears to be the same as for the YAG:Eu. The decay time gradually increases to 850°C, 
above which a rapid increase occurs. The increase in the decay time from the untreated 
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condition to 800°C is approximately the same for YAG:Dy and YAG:Eu. The results 
presented in Figure 5.54 and Figure 5.52 for these two materials show that the decay time 
increases by approximately 10% for both. This indicates that the error associated with 
temperature measurements with these materials would be approximately the same up to 
800°C. From 800°C to 900°C, however, the sharp increase in decay time is approximately a 
factor of 1.4 for YAG:Dy and 2.3 for YAG:Eu. The higher increase in the YAG:Eu samples 
would result in a higher measurement precision in this temperature range when using this 
material for thermal history measurements. 
 
Figure 5.54. The change in the decay time with exposure temperature for the YAG:Dy samples 
incrementally heat treated for 15 minutes. The excitation was at 355nm. 
The results show that the lanthanide dopant acts as a sensor for the condition of the 
surrounding host material. Since the decay time and wavelength of the phosphorescent 
properties are dictated by the dopant, the dopant can be selected to have the most 
advantageous practical properties. For example, depending on the configuration of the 
measurement equipment, excitation in ultraviolet, visible or infrared may be preferred. 
Furthermore, a multi-layered coating could be implemented, similar to that described in the 
Erosion detection chapter. The coating could be used to measure a thermal gradient by 
appropriate selection of the dopants through the coating. 
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5.2.6. Effect of embedding the YAG:Eu in a TBC 
Up to this point the phosphor material has been applied as a sole layer. However, it is 
possible to integrate it into YSZ so that the material becomes an embedded sensor of the TBC 
temperature. Such a configuration has been investigated and shown to have higher durability 
[252] and greater oxidation resistance [209]. 
A batch of samples were produced where the precursor spray powder was a mixture of 
10wt.% YAG:Eu and 90wt.% YSZ (YSZ/YAG:Eu). Approximately 100µm thick coatings 
were applied onto 20×20×2mm stainless steel tiles which had a 50µm thick Amdry 995 bond 
coat. The samples were heat treated for 30 minutes at temperatures between 500°C and 
1150°C. 
The diffraction patterns of one as-deposited sample and one sample after heat treatment at 
1100°C, are shown in Figure 5.55. The patterns are normalised and the intensity is plotted on 
a logarithmic scale to enable comparison of the low intensities of the signals in the two 
patterns. In both patterns the peaks from tetragonal YSZ are dominant, however, peaks 
associated with crystalline YAG can be observed. The as-deposited sample exhibits small 
YAG peaks and there is an indication of an amorphous phase due to a broad increase from 
the background level between 25° and 35°. This indicates that the YAG:Eu is in a similar 
state to when it is applied as a sole material. Heat treatment at 1100°C causes an increase in 
the intensity of the YAG peaks. The ratio between the main YSZ (30.2°) peak and main YAG 
(33.3°) peak is 9.1:1 which is close to the weight ratio of the precursor powder (9:1). 
The emission spectra of the heat treated YSZ/YAG:Eu coating samples are shown in Figure 
5.56. The overall properties of the spectra are the same as for the YAG:Eu. At temperatures 
below 880°C, the spectrum exhibits broad features. Above 880°C, the spectrum consists of 
peaks and there is a reduction in the intensity between 605nm and 635nm associated with the 
highly sensitive 
5
D0→
7
F2 transition. There are some notable differences, however, to the 
YAG:Eu spectra shown in Figure 5.47. 
The first of these differences is the peak at 579nm which is related to the 
5
D0→
7
F0 transition. 
This peak is only observed below 870°C in the sole YAG:Eu coatings. Although the width of 
the peak reduces with thermal exposure, the peak remains clearly visible even after heat 
treatment at 1150°C.  
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Figure 5.55. The diffraction patterns of YSZ/YAG:Eu coating samples in the as-deposited state 
(blue line) and heat treated to 1100°C for 30 minutes (red line). The vertical black lines mark 
the positions of the YAG (plain lines) [262] and YSZ (circle markers) peaks [234]. 
 
Figure 5.56. The emission spectra from the YSZ/YAG:Eu samples heat treated for 30 minutes at 
the denoted temperatures. 
Another difference is the gradual decrease of intensity associated with the 
5
D0→
7
F2 transition 
(605-635nm) with heat treatment. For the YAG:Eu samples, no significant difference was 
observed in the intensity in this region above 880°C. However, for the YSZ/YAG:Eu, there is 
a consistent decrease in intensity in this region with temperature. The ratio of the intensity 
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due to this transition and the insensitive 
5
D0→
7
F1 transition (585-600nm) is shown against 
heat treatment temperature in Figure 5.57. Similar to the YAG:Eu there is a gradual decrease 
in the ratio as the temperature increases to 870°C and a sudden drop occurs to 880°C. 
However, the ratio continues to decrease above 880°C and, as shown in the inset, the decline 
becomes more rapid as the temperature increases to 1150°C. The ratio at 1150°C is 1.925 
which is still significantly greater than the value of 1.018 at the same temperature for the 
YAG:Eu. 
 
Figure 5.57. The intensity ratio of the emission associated with the 
5
D0→
7
F2 (605-635nm) and 
5
D0→
7
F1 (584-600nm) transitions. The inset highlights the region above 900°C. 
The change in decay time with heat treatment temperature is shown in Figure 5.58. As with 
the spectra, the general behaviour is similar to the YAG:Eu coatings. The decay time 
increases gradually to 870°C and at 880°C it rapidly increases. The decay time of the as-
deposited sample is similar to the as-deposited YAG:Eu samples which is further indication 
that the material is in a similar state whether mixed with YSZ or not. The increase in decay 
time above 870°C, however, appears more gradual compared to the YAG:Eu samples, such 
that a significant increase in decay time can be observed between 880°C and 900°C. Also, 
unlike the YAG:Eu samples, above 900°C the decay time appears to be approximately 
constant. The value of the decay time, ~2.23ms, is at most 72% of that for YAG:Eu in the 
same temperature range.  
The measurements from the YSZ/YAG:Eu show that the gross features of the change in 
phosphorescence with thermal exposure remain the same when the YAG:Eu is mixed into 
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YSZ. The notable differences in the spectra and decay time at high temperature suggest that 
the growth of the crystalline YAG phase is altered. The intensity associated with the 
5
D0→
7
F0 
and 
5
D0→
7
F2 transitions indicates that the embedded YAG:Eu material has some structural 
disorder even after high temperature heat treatment. Furthermore, the significantly lower 
decay time at high temperatures indicates greater number of quenchers compared to the sole 
YAG:Eu coating, for example crystal defects. Therefore, it seems embedding the YAG:Eu 
into YSZ impedes the complete crystallisation of the YAG phase so that some degree of 
disorder remains. This behaviour is useful for the purposes of thermal history measurement in 
TBCs. The monotonic and increasing change in the intensity ratio at temperatures above 
950°C suggest that this material could be used to conduct accurate measurements in this 
range. Coupled with the high durability of the material and compatibility with standard TBC 
structures, these results demonstrate that the YSZ/YAG:Eu mixture is a highly useful 
candidate for thermal history measurements in TBCs. 
 
Figure 5.58. The change in decay time with heat treatment for the YSZ/YAG:Eu coating 
samples. The inset shows the results up to 880°C. The error bars show the standard deviation on 
30 repeat measurements.  
5.2.7. Summary of the coating investigation 
YAG:Eu coatings were produced with a high amorphous fraction but some unmolten 
crystalline particles were included in the as-deposited material. The gross features of the 
phosphorescence properties were similar to the YAG:Eu powder, however, the compaction of 
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the material and presence of crystalline particles was used to explain the significant 
differences at the extreme temperatures. Overall, the results indicated a temperature 
sensitivity range between 300°C and 880°C for 30 minutes exposure. The change in decay 
time above 880°C was not consistent and could not be associated with an observation in the 
diffraction patterns. It was shown that the duration of the heat treatment has a limited effect 
on the decay time except for an order of magnitude greater exposure time close to the 
crystallisation temperature. Furthermore, extended exposure at lower temperatures does not 
affect the decay time so that the material records the maximum exposure temperature. 
Embedding the YAG:Eu material in YSZ appeared to inhibit the complete crystallisation of 
the YAG such that the temperature range could be extended. The intensity ratio method could 
be used to cover a temperature range from 600°C to 1150°C, which covers the operating 
range of current TBCs. Therefore, this approach shows high potential as a means to conduct 
thermal history measurements in TBCs. 
5.3. Demonstration 
As a demonstration of the thermal history measurement the phosphorescence properties have 
been recorded and analysed from a YAG:Eu coating on a turbine blade which was operated 
in a test bed gas turbine engine. The installation and engine operation was part of a wider 
programme which included the demonstration of the durability of the erosion sensor coating, 
described previously in Section 4.3, and the measurement of temperatures on-line using 
phosphor thermometry. The latter is further described in references [111, 113, 114]. 
The test bed Rolls-Royce Viper Mk 201 engine is owned by SCS and operated at Cranfield 
University. The turbine blades were cleaned by grit blasting before a 40-80µm thick Amdry 
995 bond coat was applied with a high velocity oxy-fuel gun. A 90-120µm thick YAG:Eu 
coating was applied by APS. The weight gain due to the coating was accurately measured to 
enable balancing of the rotor after installation of the coated components. The engine was 
operated over the full working range from 5,000RPM to 13,500RPM. The cumulative 
operating time was approximately 70 hours. 
Figure 5.59 shows photographs of the turbine blade after operation in the engine. There is a 
small degree of erosion / spallation damage on the leading and trailing edges of the blade but 
otherwise the coating is undamaged. There is some colour variation of the surface of the 
coating. Some discolouration is due to deposits from soot but the coating appears lighter in 
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colour across a band near the centre of the blade. This thought to indicate crystallisation of 
the coating. 
 
Figure 5.59. Photographs of the (left) suction side and (right) pressure side of the YAG:Eu 
coated turbine blade after operation. The flow direction is from the top of the photograph in 
both cases. The dotted lines label the location of the lines along which the phosphorescence 
measurements were taken. 
The same experimental system was used to record the phosphorescence decay time and 
spectrum as that used for the YAG:Eu coatings described in Section 5.2.2 except the diameter 
of the laser spot was reduced using an aperture to 3mm. Before measurements were recorded, 
it was confirmed that the reduction of the beam did not affect the decay time by measuring 
several reference YAG:Eu coating samples. The laser was scanned across the blade by 
translation of the component along the dotted lines drawn on Figure 5.59. 
 
Figure 5.60. The decay time measurements along the dotted lines marked on Figure 5.59. The 
error bars represent the standard deviation on 30 repeat measurements. 
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The results of the decay time measurements are shown in Figure 5.60. The decay time could 
be recorded without a loss of signal-to-noise ratio at all locations despite the discolouration 
on the surface. There is good consistency between the measurements along the different scan 
lines. The decay time measurements at the root of the blade for all the different scan lines are 
the same. Furthermore, there is a similar profile across the blade for all the traverses. A 
gradual increase in decay time is observed as the measurement point moves away from the 
root. There is a sharp increase in the decay time at 30mm which corresponds to the white 
region on the coating. Furthermore, except at the leading edge on the suction side there is an 
apparent increase in decay time at the edges of the white region, at 30mm and 60mm. 
This observation is consistent with the results of the intensity ratio conducted using emission 
spectrum recordings taken along the line S2. The change in the intensity ratio along the 
length of the turbine blade is shown in Figure 5.61. As for the decay time measurements, 
there is a sharp transition at 30mm and 65mm. Between these transitions there is a smooth 
increase in the ratio. The intensity ratio measurements, in combination with the decay time 
results, indicate that there were hot spots on the blade at 30mm and 60mm. 
 
Figure 5.61. The intensity ratio of the emission at 584-600nm (
5
D0→
7
F2) to the emission at 605-
635nm (
5
D0→
7
F1) along the line S2 of the turbine blade shown in Figure 5.59. 
Using Matlab software, the scan of decay times across the surface of the blade are used to 
form a contour map which is shown in Figure 5.62. To show the changes at the root and tip of 
the blade, the contour lines are spaced 0.05ms apart for decay times below 1.4ms. Above 
1.4ms the contour lines are spaced every 0.1ms apart. A linear interpolation is used to 
generate the complete contour map. 
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The low decay times at either end of the blade indicate that the coating was cooler in these 
regions. This is because the turbine blade is cooled at the ends during operation by a flow of 
air from the compressor. The tip of the blade has a higher decay time compared to the root 
because the flow of cooling air was less at the tip.  
The sharp increase in decay time in the central section and the lighter appearance of the 
coating, suggests that the coating is mostly crystalline in this region. The decay time 
significantly changes in this region and the high values towards the trailing edge can be 
clearly identified on Figure 5.62. Also, between 30mm and 60mm, there is a gradual 
reduction in the decay time towards the leading edge of the blade, indicating lower 
temperatures. A similar observation has been made on a temperature profile on a turbine 
blade using thermal crystals [121]. 
 
Figure 5.62. The profile of decay times across the suction side of the turbine blade. 
There were no samples available to perform a calibration of decay time with temperature. 
However, using the results plotted in Figure 5.49 for the 30µm thick YAG:Eu samples the 
operating temperature of the turbine blade can be estimated. The decay times in the central 
region of the blade corresponds to the sharp transition between 870°C and 880°C. This is 
similar to the maximum temperature of 864°C recorded using the phosphor thermometry 
technique on the nozzle guide vanes (NGVs) in the engine [114]. The NGVs are one row 
upstream of the rotor hence higher temperatures would be expected on the NGV coatings. 
The potential overestimation of the temperature using the thermal history approach may be 
caused by the difference between the turbine coating and the calibration samples and the 
extended duration of the testing. As mentioned previously, extended operation close to the 
5. Thermal history measurement  5.3. Demonstration 
 
 230  
 
crystallisation temperature may cause the sharp transition in decay times to occur at lower 
temperatures. 
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6. CONCLUSIONS AND OUTLOOK 
This chapter draws together the different conclusions from each of the sections to provide a 
brief summary. These conclusions lead to recommendations for future work which are 
discussed in this chapter for the different aspects of the research. 
6.1. Light propagation through coatings 
It is shown that the light propagation model, developed during this project, can be used to 
estimate the trends in the phosphorescence emission intensity for different coating 
configurations. As such, the model could be used in the design of a phosphorescent sensor 
coating to construct the coating with the most preferable properties for the given application 
while maintaining its primary function as a thermal insulator. 
The model applied in this project describes a generic coating because the optical properties of 
the coatings were drawn from the literature rather than measured. The agreement between the 
model and the experimental measurements is expected to improve if the input coefficients of 
the model were directly measured from the coating material under examination. A 
recommendation for further development of the model, therefore, is to investigate this 
expectation. Using accurate optical coefficients for the coating material will help to 
understand the limitations of the model and identify opportunities for further improvements. 
6.2. Instrumentation 
A thorough description was provided of the methodology and equipment used to make 
reliable luminescence measurements. Particular focus was placed on the acquisition of 
phosphorescence decay times because the complications of this measurement are documented 
in the research of phosphor thermometry. The developed approach avoids the acquisition of 
spurious artefacts, which have been reported previously, to ensure that the data is solely 
related to the phosphorescence. Controls were also implemented to minimise the fluctuations 
on the laser pulse energy. Using this method, reliable measurements could be achieved with a 
difference between repeat decay time measurements of less than 1%. 
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To develop the system further, improvements to the repeatability should be sought to increase 
the precision of the temperature measurements. The method was devised to record the 
complete decay signal to observe its physical properties. The initial non-exponential feature 
in the decay signal could be ignored at the acquisition, rather than processing stage, to make 
maximum use of the dynamic range of the PMT and digitisation of the oscilloscope. This is 
expected to reduce the standard deviation by increasing the signal-to-noise ratio. 
A novel phosphorescence imaging system was designed and constructed to detect erosion on 
the multi-layered sensor coatings. The system was developed, along with the coatings, to 
provide uniform illumination of the coating and avoid the use of additional filters in the 
collection path which reduce the signal intensity. The remote imaging system was built using 
off-the-shelf equipment and recorded the full 30mm diameter sample surface. A procedure to 
capture the images was also devised and described in the Erosion detection chapter which 
made use of the full dynamic range of the CCD camera. This enabled the amount of erosion 
to be quantified using an image processing algorithm.  
To develop the measurement systems towards industrial application, the equipment should be 
made suitable for such an environment. For both the imaging and decay time measurements 
the overall system size should be reduced to make it portable. The equipment and 
measurement procedure must also be robust for ease of use. Further developments to the 
imaging system could bring it closer to a borescope type device so that it could be 
demonstrated for an in-situ engine inspection. A similar configuration could be implemented 
for decay time measurements although it would record a single point. 
6.3. Erosion detection 
The photoluminescent coating and imaging system achieved and surpassed the objective to 
detect erosion damage of 20% of the coating thickness. It was shown through two methods of 
image processing that multi-layered doped coatings provide a detailed, precise and accurate 
profile of the erosion damage. Using the intensity of the emission to relate to coating 
thickness an estimated precision of ±5µm was achieved while the accuracy of the depth 
profile was comparable to alternative, sophisticated thickness profiling techniques. 
The technique does, however, require the addition of rare-earth oxides to the YSZ material. It 
was shown, in accordance with previous reports, that the doped layers did not disrupt the 
columnar structure of the TBC or introduce new failure mechanisms. Although, the erosion 
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resistance appeared to be lower for the modified material compared to standard YSZ, 
recommendations to overcome this have been suggested. These include the reduction of the 
stabilising content, the application of unmodified YSZ at the surface and/or thinner dopant 
layers. Overall, the technique shows great promise to allow erosion detection while retaining 
the primary function of the TBC. 
Further development of this technique should test the suggested recommendations to retain 
the erosion resistance. In addition, the effect of surface staining on the coatings should be 
considered in more detail. The application of realistic engine deposits in a controlled 
environment could be used to understand the effect on the proposed image processing 
algorithms developed in this project. If necessary, the suggested alternative approach using 
the intensity ratio between the different doped layers could be explored further to investigate 
whether this approach overcomes the issue. 
To take the technology towards industrial application requires building on the successful 
demonstration on the Viper engine. The engine test in this project showed the coating 
remained intact with no signs of erosion or damage. A more rigorous test on a modern engine 
at higher operating temperatures would provide further evidence of their durability. 
6.4. Thermal history measurements 
The objective of the project was to investigate the underlying principles of thermal history 
measurements using phosphors. A deeper understanding of the link between the 
microstructural and phosphorescent properties of the material was achieved using standard 
materials characterisation techniques alongside the phosphorescence measurements. The 
expected effects of residual precursors and amorphous structure on the phosphorescent decay 
time and emission spectrum were confirmed. The research also presented the first evidence of 
a link between crystallite size and decay time. The crystallite size increased with decay time. 
This was explained by energy transfer between dopant ions and quenching sites. Smaller 
crystallites have a greater surface area to volume ratio and, therefore, the probability of the 
energy reaching a quenching site at the edge of the crystal is greater. 
There are several opportunities to further the understanding of this link. Different 
concentrations of dopants and host materials are expected to alter the energy transfer between 
the dopant ions. The processing route could be adapted to ensure the production of fine 
crystallites to investigate smaller crystallite sizes than those presented in this project. In 
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addition, the materials analysis could be taken a step further using SEM to consider the effect 
of crystallite shape or size distribution. These proposed studies would develop the 
understanding of the link between the material and phosphorescence properties, as such 
should enable the improvement of thermal history measurements using phosphors. 
By comparing synthesized YAG:Eu powders and pellets to APS coatings, it was shown that 
powder samples have largely the same properties as coatings for thermal history sensing. This 
observation is useful because powder synthesis provides a lower cost route to screen potential 
materials for future development. The YAG:Eu pellets and APS coatings, however, indicated 
that the inclusion of crystalline particles in the material effects the change in the decay time 
with temperature exposure. Investigating the effect of crystalline fraction on the 
phosphorescence behaviour with thermal exposure would enable optimisation of the 
deposition routine to improve the precision of the thermal history measurements. 
Test results on YAG:Eu APS coatings have indicated that the material records the maximum 
operating temperature. The heat treatment procedure was conducted incrementally so that a 
single sample was exposed for a cumulative duration of 7.5 hours at lower temperatures 
before a final heat treatment at 785°C for 45 minutes. The same decay time was recorded 
from this sample compared to a sample directly heated at 785°C also for 45 minutes. The 
same observation was made at a higher temperature for a third sample. This result is 
practically useful since the maximum temperature of operation is typically the most critical. 
Further investigations are required, however, to determine the limits of this effect. Future 
tests could include thermal cycling of the coating and introducing brief thermal transients into 
the heat treatment procedure to investigate their effect on the measurement. 
APS coating samples of YAG doped with europium or dysprosium exhibited a similar 
behaviour of decay time with exposure temperature. The results indicate that, as expected, the 
temperature sensitivity of the material is dictated by the host. The type of lanthanide ions has 
a limited or insignificant effect. Therefore, the dopants may be chosen to suit the required 
measurement conditions, such as excitation or emission wavelength. This provides an 
opportunity to combine different host materials with different temperature sensitivity ranges. 
The different materials could be differentiated using distinctive phosphorescence properties 
and deliver a sensor coating which provides high precision measurements over a wide 
temperature range. The feasibility of this opportunity requires further investigation. 
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The results recorded from YSZ/YAG:Eu APS coatings show great potential for thermal 
history measurements in TBCs. The intensity ratio of the 
5
D0→
7
F2 to 
5
D0→
7
F1 transitions 
decreases for thermal exposures upto 1150°C so that thermal history measurements could be 
made in this range which corresponds to the operating temperatures of TBCs. The same 
behaviour was not observed in the pure YAG:Eu coatings, indicating the mixture of the 
materials caused some change to the behaviour of the YAG:Eu element with temperature. 
The observation was consistent with increased structural disorder in the YAG:Eu mixed into 
the YSZ compared to the pure coating. Further investigations with this material would 
determine its temperature measurement limits. The temperature and duration of exposure 
could be increased to evaluate whether it could be used in long term applications. 
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